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Semiconductor quantum dot (QD) quantum light sources have long been established as suitable
candidates for many quantum information applications, due to the on-demand emission of highly
pure and highly indistinguishable single and entangled photons. A key factor in the development
of this technology is the operation over the standard telecommunication optical fibre network
infrastructure, where the minimum absorption wavelength window is centred on the telecom C-
band (1530 – 1565 nm).
Initial experiments in this work demonstrated single-photon emission of a QD light source
emitting directly in the telecom C-band, under both continuous wave (CW) and 1-GHz pulsed
excitation regimes. The QDs were further characterised in terms of fine-structure splitting (FSS) and
coherence time, in order to determine their suitability for quantum entanglement and interference-
based applications.
Long coherence times were observed in the majority of the QDs considered, allowing the demon-
stration of Hong-Ou-Mandel-type two-photon interference of subsequently emitted photons under
CW excitation. The post-selected interference visibility was found to be limited by only the detector
resolution and single-photon purity. A further demonstration of high-visibility interference under
the same limitations was then made using QD photons and dissimilar photons from a laser, forming
the basis of a fibre-based quantum relay.
Working further towards a quantum relay, polarisation-entangled photon pairs in the telecom
C-band were then generated using the radiative cascade of the biexciton, where a record high fidelity
to the Φ+ Bell state was observed under both CW and 1-GHz pulsed excitation regimes. While an
anomalous effect of the FSS was observed in a majority of the studied QDs, a further characterisation
of the FSS in terms of the QD polarisation eigenstates confirmed the emission of entangled photon
pairs from such an anomalous-splitting QD.
Finally, the work of this thesis was combined to demonstrate a proof-of-principle quantum relay
using a QD light source in the telecom C-band. The relay was operated first under CW excitation
where polarisation encoded laser input qubits were used and high-fidelity quantum teleportation was
observed. In an effort to demonstrate a more technologically relevant application, the quantum relay
was subsequently operated at 1 GHz in order to demonstrate the teleportation of initially time-bin
encoded laser input qubits. A high mean teleportation fidelity was again observed, demonstrating the
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Society has seen a rapid increase in integration with information technology over the last decade.
What led to the marvel of people being able to connect and share information from all corners of the
globe has also led to more pressing issues of data privacy and security. Particularly in recent years,
there has been an increasing presence of social media and large information technology corporations
which have access to an unprecedented amount of personal data. The large volumes of sensitive
information being transferred and stored in remote sites on a daily basis, in addition to the ongoing
efforts in fighting the ever advancing sophistication of cybercrime, make the question of security in
data communications more relevant now than ever before.
Today, the cryptographic protocols used to ensure the transmission and storage of such data are
secure enough to allow peace of mind when it comes to questions of such security. These protocols
are typically centred around the exchange of long strings of binary digits (1s and 0s), or bits, which
form a key. This key is then used to encrypt and decrypt information to be transmitted. Usually, the
sender, Alice, and the receiver, Bob, agree on the key through communication over a private channel.
The encrypted information is then sent over a public channel. Currently, if an eavesdropper, Eve,
attempts to intercept and glean information they are unable to do so. These schemes are mainly
implemented using the RSA protocol [1], which is based around the idea of generating complex
private and public keys where the security is guaranteed by the mathematical complexity of the keys
generated [2]. In particular, the schemes use the fact that the factorisation of large prime numbers is
exponential with the number of digits involved [3], so the strengthening of the security can be done
to an arbitrary degree by simply increasing the length of the key.
However, as technology moves forward, the invention of the quantum computer [4] has the
potential to invalidate such protocols. The application of quantum mechanics to the factorisation
of large numbers resulted in the development of the famous Shor’s algorithm [5] in 1994, which
demonstrated that a quantum computer would be able to break such classical security protocols
in polynomial time [6]. By utilising the encoding of physical information onto a quantum state,
problems such as the factorisation of prime numbers can be solved with an exponential speed up in
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computation time. Whilst such technology is still in very early development, it has highlighted the
need for truly guaranteed security.
1.1 Quantum Information
Quantum information is the representation of physical information using quantum systems that
obey the laws of quantum mechanics. This allows for quantum information processing which, much
like classical information processing, can be used in order to complete computational tasks [5, 7, 8],
cryptographic protocols [9], or secure data transmission [10]. However, there are a few central
features of a quantum information that are crucially different. The first is the fact that an arbitrary
unknown quantum state cannot be cloned, the so-called No-Cloning Theorem [11], which has many
implications in quantum computing and cryptography. The second, is that quantum mechanics is
typically formulated as a probabilistic theory under the Copenhagen interpretation. As such, the
most likely outcome of a measurement is described by a probability distribution. Lastly, information
is encoded in a more complex way in quantum states, using the principle of superposition explained
below. Using these features of quantum information to perform such tasks is what allows the superior
performance to that of the classical counterpart.
1.1.1 Qubits
A large part of the advantage of using quantum states is the way in which information can be
encoded. A classical system made up of bits, or states corresponding to ’on’ |1〉 and ’off’ |0〉 means
that information can only be encoded in one state or the other. In the framework of quantum
information, photons are often used for transmitting data and classical bits can be represented by
two orthogonal polarisations of light, such as |H〉 and |V 〉 corresponding the horizontal and vertical
linear polarisations.
A quantum bit or ’qubit’ however has a key difference. It can not only represent a |H〉 or a |V 〉, but
instead a whole two-dimensional space in which the bit exists in a superposition of these states. This
principle of superposition is a fundamental property of a quantum state. In general, such a quantum
state can be expressed as
|ψ〉 =α |H〉+β |V 〉 ; |α|2 +|β|2 = 1, (1.1)
where α and β can be any complex number and |α|2,|β|2 are the probability amplitudes for the
photon being in a given state. This form of the qubit is suitably normalised such that it can be
conveniently represented as a vector mapping out a sphere in two-dimensional space, the so-called
Bloch sphere for a general two-level quantum state or Poincaré sphere in the case of polarisation of
light, as depicted in Figure 1.1. In this representation the qubit can be parametrised in terms of polar
and azimuthal angles describing the position on the surface of the sphere.
|ψ〉 = cos θ
2
|H〉+e iφ sin θ
2
|V 〉 . (1.2)
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For specific angles on the Poincaré sphere corresponding to the equatorial poles, the following states
can further be defined
|D/A〉 = 1p
2
(|H〉± |V 〉) |R/L〉 = 1p
2
(|H〉± i |V 〉) , (1.3)
which are the diagonal/anti-diagonal linear and right/left circular polarisations, respectively. Thus,
in general, transformations performed on the photon correspond to rotations of the quantum state
on the Poincaré sphere.
Figure 1.1: Poincaré sphere representation of a qubit. Vector states corresponding to qubits are points on
the surface of the sphere. Points sitting at the poles of the sphere represent the orthogonal basis states. Any
arbitrary state can be made from a linear combination of these.
By considering the case for multiple qubits, such as a register size of N=2, the real power of quantum
computing can be seen. An arbitrary superposition with all basis combinations results in the state
|ψ〉 =α |H H〉+β |HV 〉+γ |V H〉+δ |V V 〉 , (1.4)
where now all of the 2N = 4 possible combinations can be encoded using the same state, compared
to only one of the possible states stored by classical bits. For increasing N , the dimension of the
vector space spanned by the qubit grows as 2N and so each additional qubit added to the register
roughly doubles the computational power, allowing a relatively small number of qubits to compete
and eventually surpass classical computational power [12]. Additionally, the power of a quantum
computer compared to the classical counterpart was shown in the area of quantum simulation by
Feynman [4]. The amount of memory resources required for a classical computer in applications
such as quantum chemistry and the simulation of molecules also roughly doubles for each additional
qubit, rapidly leaving the realms of what can be solved classically [13].
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1.1.2 Quantum Entanglement and Teleportation





(|H〉A |H〉B +|V 〉A |V 〉B ) , (1.5)
where the subscripts A and B denote that the photon belongs to subsystems A and B , respectively,
demonstrates an interesting feature. That is that this state cannot be factorised into a product of the
two system states such that
|ψ〉A ⊗|ψ〉B ̸= |ψ〉AB =
1p
2
(|H〉A |H〉B +|V 〉A |V 〉B ) . (1.6)
Such states are known as entangled states. No information about one qubit can be determined
without collapsing the wavefunction of the state and revealing information about the second in a
perfectly correlated manner, even for arbitrary separations between the subsystems. In particular,









(|H〉A |V 〉B ±|V 〉A |H〉B ) .
(1.7)
The unusual behaviour of such states led Einstein, Podolski and Rosen to conclude that the theory of
quantum mechanics was fundamentally incomplete, requiring hidden variables which pre-determine
the measurement outcome in order to explain the "spooky action action at a distance" [15]. Later, Bell
demonstrated that such theories of hidden variables were not compatible with perfect correlations
expected from such states [14]. The Clauser-Horne-Shimony-Holt (CHSH) inequality [16] is one form
of a test which has been frequently used to experimentally test Bell’s theorem, demonstrating non-
classical correlations inexplicable by hidden variables. Indeed, there have been many experimental
violations of the Bell test [17–19], including recent demonstrations with much stricter loophole-free
conditions [20, 21]
Quantum entanglement together with the No-Cloning Theorem can be used to introduce the
basic quantum teleportation protocol. To see how this works, consider the schematic in Fig-
ure 1.2. An input qubit |ψ〉A = α |H〉A +β |V 〉A of system A and one photon of a shared state
|Φ+〉AB = 1p2 (|H〉A |H〉B −|V 〉A |V 〉B ) between system A and B interfere on a beamsplitter. The three
photon state can now be written as
|ψ〉A ⊗|Φ+〉AB = (α |H〉A +β |V 〉A)⊗
1p
2
(|H〉A |H〉B −|V 〉A |V 〉B ) (1.8)
= 1
2
[|Φ+〉A (α |H〉B +β |V 〉B )+|Φ−〉A (α |H〉B −β |V 〉B ) (1.9)
+|Ψ+〉A (α |V 〉B +β |H〉B )+|Ψ−〉A (α |V 〉B −β |H〉B )],
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where in the last line, the states of A have been written in terms of the four Bell states for this basis.
When performing a Bell-state measurement (BSM) on the two-photon state at system A, the output
photon in system B can then be related to the input photon as
|ψ〉Φ+B =σ0 |ψ〉A ,
|ψ〉Ψ+B =σx |ψ〉A ,
|ψ〉Ψ−B =σy |ψ〉A ,
|ψ〉Φ−B =σz |ψ〉A ,
(1.10)






















It becomes immediately apparent that that measurement after interference at the beamsplitter col-
lapses the wavefunction to the corresponding B state superposition, depending on the measurement
made. Upon obtaining information of the measurement made, all that remains to regain the initial
state is the corresponding unitary transformation on the output state, which is communicated over a
classical channel. With the type of scheme here it is possible to deterministically teleport any input
state using a complete BSM, which is able to distinguish all four Bell states. In practice this requires
the use of non-linear optics [22], in order to reach unity probability of successful teleportation, which
can reduce the efficiency of the scheme through the losses induced by this process. Using only linear
optics however, it is possible to unambiguously determine |Ψ±〉 states, reducing the probability of
success to 0.5 instead. This type of operation is a fundamental resource in quantum information and
allows for complete security in data transmission when used in for communication applications.
Figure 1.2: General teleportation protocol circuit. Teleportation of a qubit using entangled Bell states. System
A prepares an input qubit while system B prepares an entangled Bell state. One photon from system B is
interfered with the photon from system A to form a three-photon state. A Bell-state measurement heralds the
teleportation of the input qubit, where a subsequent unitary operation can be performed on the photon in
system B to recover the exact input state.
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1.2 Quantum Cryptography
The use of quantum phenomena to boost the security of information sparked the next generation of
cryptographic protocols; quantum cryptography [9]. The most widely implemented and developed
scheme in utilising such properties has been in Quantum Key Distribution (QKD). The guarantee
that no state can be cloned and the knowledge that measurement of the state of the system disturbs
the system is enough to reveal the presence of an eavesdropper on the channel.
1.2.1 Quantum Key Distribution
In QKD, two parties Alice and Bob are able to generate a secret shared key over a public quantum
communication channel, which can subsequently be used to encrypt and decrypt information sent
over a classical communication channel.
The first protocol, proposed in 1984 by Bennet and Brassard [23] and termed BB84, implements
this idea by using a pair of conjugate polarisation bases of light. As illustrated in Figure 1.3, Alice
sends random photons over a public channel in one of four states, for example in |H〉,|V 〉,|D〉, and
|A〉 for linear and diagonal polarisation bases. Bob measures these states in the same two bases,
but at random as well. Upon completion, they can publicly exchange information regarding the
measurement bases they used. This reveals no information, but allows Alice and Bob to discard those
bits of information where their bases were not the same.
Figure 1.3: BB84 quantum key distribution protocol.
In principle, the data transferred is completely secure, since any attempt to disturb the system and
glean information will result in detectable measurement error and so reveal the presence of the
attacker, at which point Alice and Bob can simply stop transmitting.
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Typical implementation of such protocols uses weak coherent laser pulses [9], which have been
shown to be less secure than pure single-photon sources [24]. More recent protocols circumvent
this requirement and have been used instead of a true single-photon source with some success,
and the benefit of easy experimental implementation [25]. In principle, such operation of weak
coherent sources is just as secure as a true single-photon source, but instead sacrifices performance.
However, for true security and to be able to extend the transmission range, quantum relays [26]
and quantum repeaters [27] must be implemented and the use of a real single-photon source now
becomes mandatory [28].
There exist several candidates that offer the possibility for ideal single-photon quantum light
sources, such as atoms/ions [29], molecules [30] and Nitrogen-Vacancy centres in diamond [31]. In
this thesis, the focus will be on the long-established alternative semiconductor QDs [32] for these
quantum information applications.
1.2.2 Long-Distance Fibre Transmission of Qubits
Although the No-Cloning Theorem allows for the operating principles of QKD, since no state can be
measured without introducing an error, it also fundamentally limits the distance to which keys can
be exchanged due to the fact there can be no signal amplification. For long-haul fibre transmission,
the distance can be maximised by operating in the minimum absorption wavelength window of
optical fibre, centred on the telecom C-band (1530 – 1565 nm), as well as the zero-dispersion window
centred on the telecom O-band (1260 - 1360 nm). At these wavelengths, the loss is typically 0.2 dB/km
and 0.35 dB/km, respectively. When compared to the typical operating wavelength of many single-
photon sources around the visible and near infrared, up to around 900 nm, where the loss is typically
>1 dB/km, the gain in transmission approaches a factor of ∼ 1000 over distances of tens of kilometres,
around the size of a metropolitan network, as shown in Figure 1.4.
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Figure 1.4: Long-distance fibre transmission.
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This enables longer distances to be reached due to the lower photon losses suffered in transmission.
Additionally, since classical communications operate at these wavelengths, there is the added benefit
of an existing fibre infrastructure which can be adopted. Therefore, typical fibre-based QKD systems
tend to operate at these wavelengths, motivating the requirement for a quantum light source in this
transmission band.
1.2.3 Quantum Relay
The implementation of a large scale quantum network would involve data transmission across large
distances and between multiple nodes, where information is processed and redistributed [10]. This
would involve the development and implementation of quantum relays and repeaters that allow for
data to be swapped across nodes without loss of security. Currently, QKD networks operate with an
alternative solution, using so-called "trusted-nodes", as illustrated in Figure 1.5. In such nodes, the
keys are decrypted and subsequently re-encrypted using a new quantum state. However, there is an
assumption of the security of the node which means that such a scheme is never truly guaranteed to
be secure.
Figure 1.5: Quantum relay for enhancing the security of a QKD link through the use of an untrusted node.
Security can be guaranteed through the use of quantum teleportation to map the encoded state from Alice
onto the photon at Bob.
A quantum relay, on the other hand, could enhance the security of such a link by removing the need
for the intermediate node to be trusted, using the principle of quantum teleportation. Furthermore,
with such a scheme it would be possible to also increase the distance of the network link, due to the
scaling of the signal-to-noise ratio (SNR) as a function of distance [26]. Such an application naturally
requires the operation of an entangled quantum light source compatible with a telecom fibre network,
such that the existing infrastructure can be adopted. While quantum relays and many other quantum
technologies have been demonstrated using shorter wavelength single-photon sources, no system
other than QDs has yet to be been shown to work in the telecom C-band. The work of this thesis
therefore aims to bridge this crucial gap in the development of fibre-based quantum technologies.
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1.3 Thesis Overview
This thesis describes the work in the development of a quantum light source operating at the mini-
mum absorption wavelength window of optical fibre, centred on the telecom C-band (1530 – 1565
nm), making it suitable for transmission over the standard telecommunication optical fibre network
infrastructure for future quantum information applications. The final goal is the demonstration of
quantum teleportation of telecom C-band laser qubits, enabling such a platform to interface with
current QKD systems.
After the introduction of the basic concepts in quantum information here, Chapter 2 gives a
further overview of the photon number statistics for sources used in quantum information, as well
as introducing the concept of two-photon interference (TPI), a fundamental resource required for
quantum teleportation. The basic properties of semiconductor QDs, the source of choice for the work
described here, will further be introduced forming the basis of all experimental work undertaken.
Chapter 3 then describes the experimental techniques used throughout this thesis in detail,
including the use of various methods of spectroscopy for characterising fundamental properties in
the emission from QDs.
In Chapter 4, a characterisation of the relatively new platform of InAs/InP QDs is carried out. The
first task is to understand their emission characteristics and internal dynamics, which are determined
from coherence time and correlation measurements. This allows for an assessment of the suitability
of these sources for quantum interference and entanglement measurements, which are crucial for a
quantum relay. The single-photon nature of the emission is characterised under continuous-wave
(CW) operation and 1-GHz pulsed operation, alongside the coherence properties.
Using the results displayed in Chapter 4, the work in Chapter 5 describes the two-photon inter-
ference measurements made using this source. Firstly, the interference of subsequently emitted
photons is demonstrated. Following that, the interference of photons with dissimilar statistics is
performed, that is, light from a laser and the QD. The ability to perform interference is crucial for
many quantum network applications and, in particular, lies at the core of a quantum relay.
Chapter 6 describes the characterisation of the entangled photon pairs, the next step towards a
quantum relay. Again, this characterisation is performed for CW operation and under 1 GHz pulsed
excitation, where both regimes are found to produce record high entanglement fidelities. An unusual
property of the QD fine structure is also explored in this chapter, which probes a more fundamental
feature of the entangled photon-pair emission.
Finally, Chapter 7 describes the combination of the work in the thesis to demonstrate for the first
time a quantum relay in telecom C-band using a QD source. The quantum relay is operated under
CW and 1 GHz pulsed excitation regimes, where first the teleportation proceeds with polarisation




Semiconductor Quantum Dots as
Quantum Light Sources
In this chapter, a basic introduction to the background of quantum light sources and applications
will be given. The necessary background theory surrounding the use of semiconductor QDs for such
applications will also be considered, including a review of the growth methods used in producing
such structures. In particular, the techniques used to push emission into the telecom C-band will be
introduced.
2.1 Single-Photon Quantum Light Sources
First, it is necessary to look at the photon statistics as a way to distinguish quantum light sources
from classical laser light, by considering how such sources exhibit distinct quantum features when
looking at their photon correlations. The autocorrelation as well as quantum interference effects
when such sources are made to interfere on a beamsplitter will also be considered.
2.1.1 Photon Statistics
A pure single-photon source is of great interest for quantum information processing applications.
An ideal source would have emission of a single-photon with unity probability in response to an
external trigger [33]. A widely used alternative of a true single photon source is an approximation
using a weak coherent laser pulse. The limitations of this approximation can be seen by considering
the Fock state expansion of the coherent state in terms of the photon number n [34]
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where µ= 〈α| n̂ |α〉 = |α|2 is the mean photon number. The fluctuation of this field follows a charac-
teristic Poisson distribution where the probability of having n photons is




This distribution is plotted in Figure 2.1 for different values of µ. Immediately, it can been seen that
such sources are inappropriate for the desired applications as there is a significant multi-photon
probability, even for highly attenuated sources [33]. For QKD experiments, decoy-state protocols [35]
using weak coherent pulses can address the security concerns of the multi-photon emission. However,
running the sources with low enough µ to make this effective limits the efficiency of the source. For a
true single-photon source, such limitations do not exist as in principle it is possible to generate one
single photon for each excitation pulse.
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Figure 2.1: Photon statistics for average photon number per pulse µ = 1 (left), µ = 0.5 (centre) and for a
pure single photon state (right). Due to the Poissonian nature of the coherent states, a small multi-photon
probability always remains for decreasing mean photons per pulse.
Another approximation of a true single photon source can be constructed through the generation of
photon pairs, for example using Spontaneous Parametric Down Conversion (SPDC). One photon
is used to herald the presence of the other, improving the SNR issue created by the low-efficiency
coherent pulses, since now the detectors are only switched on with the arrival of a triggering photon.
However, these sources also display the typical Poissonian photon-number distribution, due to the
random nature of the non-linear crystal pumping process [33].
While currently it is possible to circumvent the requirements of single photon sources in QKD
using weak coherent pulses and decoy state QKD [35–38], the requirement to develop high purity
and efficient true single photons sources is still essential for the development of quantum technolo-
gies [38]. Solid-state quantum light sources have the potential to offer near-perfect single-photon
sources [39], and have demonstrated many proof-of-principles applications in quantum technolo-
gies such as BB84 QKD [40], entangled-based QKD [41], quantum teleportation [42], entangled
swapping [43, 44] and Boson-sampling [45].
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2.1.2 Second-Order Correlations
The statistics characterising photon sources can be determined through second-order field correla-
tions which determine the probability of detecting photon at time t +τ, conditional on the detection
of a photon at time t [46]. Classically, the form of this second-order coherence function is given by
g (2)(τ) = 〈I (t )I (t +τ)〉〈I (t )〉〈I (t +τ)〉 =
〈I (t )I (t +τ)〉
〈I (t )〉2 (2.3)
where I (t ) is the time-dependent intensity of the source under characterisation, and it is assumed
that the source emission is time-invariant such that emission at t and t +τ are uncorrelated. This
quantity can be accessed experimentally through a Hanbury-Brown Twiss (HBT) interferometer [47],
shown schematically in Figure 2.2a. Incoming light is incident on a balanced beamsplitter, followed
by detectors at each of the output modes. The detection time of one photon on the first detector
constitutes the ‘start’ of the measurement and the arrival time of a subsequent photon on the second
detector signals the ‘stop’. A correlation between photon detection events is then made with the
relative time delay.
While equation 2.3 is suitable for describing classical continuous-wave (CW) sources, such as
laser light, a quantum mechanical interpretation is required to describe the statistics of quantum
light sources, where the probability of emitting one photon is not independent on emission of the
previous photon. This can be done through expressing Equation 2.3 in terms of photon creation and
annihilation operators such that
g (2)(τ) = 〈â
†(t )â†(t +τ)â(t +τ)â(t )〉
〈â†(t )â(t )〉 =
〈n̂(t )n̂(t +τ)〉
〈n̂(t )〉2 (2.4)
where n̂ = â†â is the number operator. For an ideal n photon Fock state, this results in
g (2)(0) = n(n −1)
n2
. (2.5)
Thus, a single-photon source is determined by a g (2)(0) < 0.5. For the case of a simple two-level
quantum emitter, emission of a single photon results from radiative decay of an excited state after
excitation from the ground. In this case, the g (2)(τ) can be determined by considering the populations
of the n1,n2 of the ground and excited state, respectively, with n1 +n2 = 1. As detection of a photon
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where τexc and τr are the excitation and decay times, respectively, with the initial conditions {n1 =
1,n2 = 0}, such that




where τd = 1τr +
1
τexc
and τ has been replaced with |τ| due to the symmetry g (2)(τ) = g (2)(−τ) of the
correlation function for this case. The comparison of the correlation function for such a single-
photon source and a traditional coherent source can be seen in Figure 2.2b, where the difference in
the photon statistics is immediately apparent. A quantum light source is said to be anti-bunched

























Figure 2.2: Hanbury-Brown and Twiss measurement of photon statistics. a Experimental concept for the
measurement of photon statistics. b Second-order correlations for different photon statistics. A coherent
source, dominated by Poissonian statistics, results in a flat line of value 1 corresponding to the equal probability
of detecting one photon after another. A single-photon source on the other hand follows sub-Poissonian
statistics, thus, there is a vanishing probability for detecting two photons at the same time.
2.1.3 Two-Photon Interference
The quantum interference of two single photons at a beamsplitter is one of the most fundamental
operations in quantum information processing and is central to quantum computing, where it
forms the basis of quantum logic in optical circuits in schemes such as those posed by Knill et
al. [48], Gottesman & Chuang [49] and Nielsen & Chuang [50], and also quantum communication
where it forms the basis of creating multi-photon states required for heralding the teleportation of
photons [51] central to establishing a quantum relay [52], performing entanglement swapping [44]
or even all-photonic quantum repeater schemes [53–55].
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When two photons are incident on a 50:50 beamsplitter, they are either reflected or transmitted
and so undergo a unitary transformation ÛBS . If the photons are indistinguishable in all degrees of
freedom, there is no way to distinguish the process that led to one photon leaving in each output mode
and so the probability amplitudes interfere destructively. The effect of this, originally demonstrated
by Hong, Ou and Mandel [56] and subsequently named the Hong-Ou-Mandel (HOM) effect, is a
bunching of the photons in either one of the output ports. Figure 2.3 depicts the concept of this
interference in terms of the probability amplitudes for reflection and transmission for the four cases
of the paths in which each photon can take when |r |2 = |t |2 = 12 . As shown, for the case of both
reflections p11 =−12 and for both transmissions p11 = 12 , resulting in the vanishing probability to find
one photon in each output port when adding the amplitudes before considering the outcome, as

















Figure 2.3: Interference of two single photons incident on a perfect 50:50 beamsplitter. The probability
amplitudes for the photons exiting via each port of the beamsplitter is shown for the four possible cases when
|r |2 = |t |2 = 12 .
This effect can been seen by also considering the action of the beamsplitter on the photons in terms
of the bosonic field operators âi for the input (modes 1 and 2) and output (modes 3 and 4) ports
respectively. The input state for a state with one photon in each mode is given by
|Ψi n〉 = |1〉1 |1〉2 (2.10)
= â†1â†2 |0〉 , (2.11)
where â†i refers to the creation operator for a photon in port i of the beamsplitter. The unitary







where η is the transmission through the beamsplitter corresponding to the more familiar unitary
rotation
p
η= cosθ and √1−η= sinθ. For symmetric and lossless 50:50 splitting η= 1/2. The input
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whereupon substitution of the operators in the input state in order to apply the transform results in
the output state




















(|2〉3 |0〉4 +|0〉3 |2〉4) , (2.16)
wherein the second to last line the Bose commutation [â†i , â
†
j ] = δi j means that these possibilities
cancel, leaving only the terms corresponding to two photons in either output port, demonstrating
the peculiar bunching effect.
For the case of distinguishable photons, this is no longer the case, as the reflection and trans-
mission resulting in one photon in each output has a distinct probability amplitude. This leaves a
probability to observe one photon leaving the beamsplitter, due to now being able to distinguish
which path it took. The indistinguishability of a photon source is of significant importance for the
development of quantum network resources. Characterisation of the indistinguishability of a source
can be performed by examining the interference visibility, which relies on the overlap of the input
modes at the beamsplitter.
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2.2 Semiconductor Quantum Dots
Semiconductor QDs [58, 59] are three-dimensional nanostructures where the spatial confinement of
charge carriers becomes comparable to the de Broglie wavelength [60]. Such confinement results in
a quantisation of the energy levels, and has earned them the title of ‘artificial atoms’ [61] due to the
striking similarities of real atomic systems.
The QDs themselves are composed of a lower band gap material within a higher band gap
material [59] where these band offsets are the source of the confining potential. Electrons excited out
of the valence band to the conduction band leave holes behind. These carrier pairs subsequently form
quasi-particles through their mutual Coulomb attraction, so-called excitons, and can be captured by
the QD, where they can radiatively recombine through the emission of a photon. Figure 2.4 shows an
example of such a QD band structure with an InAs QD surrounded by InP, creating a particle-in-a-box
type confinement potential along the growth axis of the QD (where the spatial confinement here is
typically much smaller than the lateral confinement). Following the language of atomic physics, the
s and the p excited states of the electron and hole in such a potential have been labelled, and in this
example, lead to a recombination energy of ∼ 0.8 eV. Other typical QD materials include InAs/GaAs
or AlGaAs/GaAs, where emission is typically around ∼ 1.2−1.4 eV and ∼ 1.6 eV, respectively. In this
simple picture, the population of the QD with an exciton (excited state) and the empty QD (ground
state) is an ideal two-level system, forming the basis for semiconductor quantum light sources [32].
Figure 2.4: Band structure of a QD. The low band gap material (InAs) is grown in between two higher band
gap material layers (InP). The band offset creates a 3D confinement on the scale of nanometres. Discrete
energy levels exist in the QD, resulting in atom-like emission.
18 Semiconductor Quantum Dots as Quantum Light Sources
2.2.1 Carrier Excitation
There are multiple excitation schemes for generating carriers and driving the QD emission. The most
common excitation is optical pumping with laser energy above the bulk material band gap. This
above-band excitation, shown schematically in Figure 2.5, generates carriers in the higher band gap
material. These carriers are captured by the QD and relax via phonon scattering (on timescales < 100
ps)[33, 62] to the ground state. When this relaxation is not short compared to the radiative lifetime
of the exciton, there is an additional jitter in emission due to the delay [33, 63], which reduces the
quality of the source. The experimental advantage is that the excitation and emission spectrum
are easily filtered. As these nano-structures can be incorporated into light emitting diodes (LEDs)
[64–66], current injection can also be used to electrically pump the QD emission. This works in a
similar fashion to the above-band excitation, in that carriers are generated in the doped regions of
the diode before relaxation and capture by the QD.
For higher control over electron-hole injection [67], quasi-resonant excitation of the excited
p-shell state of the QD can be used. In this scheme, a higher purity of single-photon emission can
also be observed due to a lower probability of generating carriers in the continuum states [68]. The
most desirable scheme for applications relying on optimal single-photon properties, however, is the
resonant excitation of the QD s-shell [33]. In this regime, there is no additional relaxation leading to
highly-pure and indistinguishable photons [33]. The drawback here is that the excitation wavelength
is the same as the emission wavelength, requiring filtering of ∼ 50% of the photons in an experimental
setup using polarisation filtering to reject the laser. However, there have been interesting recent
developments in the case of resonant excitation working to remove the filtering restrictions [69].
It is also possible to perform resonant excitation of the biexciton, which relies on a two-photon













Figure 2.5: Carrier excitation in single QDs. Optical excitation using an above-band laser energy creates
electrons and holes in the bulk semiconductor. Subsequent capture of electron-hole pairs in the QD form
quasi-particles, which can then relax through radiative recombination.
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2.2.2 Charge Configurations
In order to gain insight into the mechanisms for non-classical light generation in QDs, first consider
the excitonic configurations and energy structure. Figure 2.6 shows the most common charge
configurations found in typical QDs. The neutral exciton (X ) and biexciton (X X ) consist of one
and two electron-hole pairs, respectively. The addition of an extra electron or hole results in the
formation of the negatively (X −) and positively (X +) charged excitons. Further configurations exist
with lower relative intensities corresponding to states with more electron-hole pairs, or additional
excess carriers [73, 74]. Populations of such highly charged configurations are sensitive to doping
conditions or electrostatic potential, the latter being controllable in charge-tunable structures [75,
73].
Figure 2.6: Charge configurations in single QDs. Different configurations of trapped electrons and holes
leads to emission of different transitions. The neutral exciton (X ), neutral biexciton (X X ), negatively (X −) and
positively (X +) charged excitons form the most common configurations.
Unless directly pumping a specific transition, a QD usually displays several emission lines, as shown
by a typical spectrum in Figure 2.7, relating to these different charge configurations that can be
present. Transitions can tentatively be labelled by considering the relative probability of injecting











Figure 2.7: Sample spectrum of an optically excited QD. The main transitions typically seen in these types of
QDs, corresponding to the different charge configurations, have been labelled where possible.
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2.2.3 Entangled Photon-Pair Generation
The generation of entangled photons from semiconductor QDs was first demonstrated by Steven-
son et al. [76] and Akopian et al. [77], where the principle of polarisation entanglement here relies on
the radiative cascade of the |X X 〉 state to the |X 〉, and the ground state |G〉. Due to the Pauli-exclusion
principle, the |X X 〉 s-state is comprised of a spin-up and a spin-down electron. Since the radiative
recombination with a hole of each is equally probable, the cascaded emission results in a pair of
polarisation-correlated photons, with a well-defined phase. However, in reality the situation is more
complicated due to the electron-hole exchange interaction, which modifies the fine structure of the
X .
At zero magnetic field the X fine structure is a result of the electron-hole exchange interaction
which couples the spins [78]. The z-direction is taken as the quantisation axis in the QD structure.
The electron has spin Se,z =±1/2 and the heavy hole (due to the splitting of the light-hole/heavy-hole
states, the light hole is generally neglected [78]) has spin Jh,z =±3/2. Thus, total angular momentum
M = Jh,z +Se,z results in the projections M =±1,±2. The M =±1 states give rise to optically allowed
transitions, or ‘bright’ excitons, while the M =±2 states are forbidden and optically ‘dark’. The general





∆ S 0 0
S ∆ 0 0
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 , (2.17)
where ∆,S,Sd refer to the energy splitting of the bright and dark states, the bright state components
and the dark state components respectively. For rotationally symmetric QDs, S = Sd = 0 and the
bright states are eigenstates [78], separated from the dark states by ∆. Figure 2.8 shows the energy
structure of this. Due to the conservation of momentum, the radiative decay from the X X will
result in polarisation entangled photon pairs. For the symmetric case of only the isotropic exchange




(|RX X LX 〉+ |LX X RX 〉). (2.18)
For asymmetric QDs characterised by the anisotropic interaction, as is the case for the majority
of QDs due to growth conditions, the hybridisation of the angular momentum eigenstates results in
linearly polarised photon pairs with an additional time-dependent phase due to the energy difference.
In this case, the two-photon state becomes [79, 80]
|ψ〉 = 1p
2
(|HX X HX 〉+e
i Sτ
~ |VX X VX 〉). (2.19)
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The splitting of the bright states, termed the fine-structure splitting (FSS), S, now plays an
important role in the emission dynamics of entangled photon pairs. As the FSS increases beyond
the natural linewidth, the which-way path information of the photon cascade is revealed, leading to
an eventual loss of the entanglement fidelity. However, even in the presence of large FSS, it is still
possible to observe entangled photon emission by only considering time scales small enough such
that only small phase shifts are caused by the time-dependent phase term. However, this leads to a
requirement on detector resolution for measuring the entanglement, as now the time-varying phase
needs to be resolved in order to avoid the effective averaging out of the signal, resulting in classically









Figure 2.8: Fine structure of the biexciton cascade. Electron-hole interactions create energy splitting into
M =±2 optically dark states and M =±1 optically bright states. Radiative decay results in entangled circularly
polarised emission. The effect of crystal symmetry on this interaction causes a mixing of the states resulting in
linearly polarised entangled photon pair emission.
2.2.4 Formation of Self-Assembled Quantum Dots
Semiconductor QDs are typically grown epitaxially by deposition of material onto a crystalline
substrate. The most common growth method is Stranski-Krastanow (SK), which has dominated the
growth of InAs/GaAs structures [33, 32]. This growth process relies on the lattice mismatch of the
two semiconductor materials. As the QD material is deposited on the substrate in atomically thin
layers, the grown material adopts the lattice constant of the substrate initially, but accumulates strain
as each additional layer is deposited [80]. The group III and V material flux is supplied at the same
time and forms a two-dimensional ‘wetting layer’ as the strained layers grow. This wetting layer also
provides carriers with an additional density of states. When some critical strain is reached, relaxation
into small islands becomes energetically favourable. Figure 2.9a shows a schematic of this process. As
the strain is intrinsically connected to the formation of the QD, the structural symmetry is also related
to that of the substrate. Typically, this results in highly asymmetric QDs or dashes [81]. However,
it is possible to grow highly symmetric structures using this technique, such as those observed in
the growth of QDS emitting around ∼ 885 nm, where there is an inversion of the wavefunction
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symmetry [82]. This makes it possible to observe entangled-photon pairs, albeit with a wavelength
unsuitable for transmission in conventional fibre.
For this application, it is possible to add further material such that a second critical thickness is
reached. This results in the growth of larger QDs, which naturally increases the wavelength of the
emission due to the lower confining potential, and can push this wavelength towards telecommuni-
cations bands [83, 84]. Other methods based on strain-driven growth used to reach such wavelength
regions include the addition of metamorphic buffer layers, which act as strain-relaxing layers in
order to help the formation of long wavelength emitting QDs [85]. There has also been a recent
demonstration of the formation of QDs emitting in the telecom C-band with very high symmetry,
with FSS values of ∼ 2 µeV on average [86]. Here, the QDs were grown by Molecular Beam Epitaxy
using a ripening technique [87], whereby the cooling time after deposition of the InAs layer on an InP
substrate is controlled in order to realise the high symmetry, long wavelength emitters.
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Figure 2.9: Growth-modes for self-assembled QDs. a SK growth of QD. Flux of the group III and V material is
deposited in layers onto of the crystal substrate. As the strained layers build, formation of QD islands becomes
favourable. b Droplet-Epitaxy QD growth. Group III flux is deposited as liquid droplets on the surface of the
crystal substrate. This is later reacted with a flux of group V material which causes crystallisation and formation
of QD structures. In the absence of a strain inducing wetting layer, the droplet QDs remain highly symmetric.
An alternative method of QD growth which does not rely on lattice strain layers is Droplet-Epitaxy
(DE) [88], and is the method used for the growth of the QDs considered in this work. In this method,
the group III material is deposited at lower comparative temperatures as liquid droplets on the
surface of the crystal. A flux of group V material is then applied in order to react and crystallise the
droplets. Figure 2.9b shows a schematic of this. By doing this, the formation of a wetting layer is
avoided, only a ‘quasi-wetting layer’ exists where the droplets lattice match to the substrate. With no
strain-driven growth, it is possible to reach much higher QD symmetries, demonstrated by [89, 90],
which is crucial for entangled light emission [91, 92].
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2.2.5 InP Material System
Another method to push the emission of a QD light source into the telecom C-band around 1.55
µm is to swap the host material GaAs for InP [87, 93–96]. Most systems looking to reach this band
have relied on the InAs/GaAs QD material system [85]. However, the wavelength capabilities here are
limited due to strain mismatch between the QD layer (InAs) and the substrate layer (GaAs). Swapping
the host material to the InP material system is an effective method to overcome this problem as the
lattice mismatch is on the order of 3%, as opposed to the 7% in GaAs [97]. This reduction redshifts
the fundamental exciton energies on the order of ∼ 200 meV compared to GaAs, to around 0.8 eV.
2.2.6 Sample
The samples used for this work were grown by collaborator Dr. Andrey Krysa at the University of
Sheffield EPSRC National Epitaxy Facility, using Metalorganic Vapour Phase Epitaxy (MOVPE) [98].
The structure is similar to that used in a recent demonstration of an entangled-LED [99], and is shown
in Figure 2.10. It consists of a 20-repeat n-doped distributed Bragg reflector (DBR) grown on the (001)
surface on an InP substrate. These DBR pairs are made from ∼ 112 nm (A0.3Ga0.7)0.48In0.52As and
∼ 123 nm InP and allow for greater light collection efficiency from the top of the device. Following
this, there is a 3/4-λ intrinsic InP layer, where metallic In droplets are deposited. These droplets are
then crystallised under an AsH3 flow before a 5/4-λ intrinsic InP layer. Finally, a 3-repeat p-doped
DBR is grown to form an asymmetric 2-λ weak planar cavity for a small enhancement of the photon
extraction efficiency.
Devices were fabricated from these samples at the University of Cambridge by Toshiba Research
Laboratory colleague Dr. Joanna Skiba-Szymanska, where standard photolithography was used to
define the mesas and device patterns. The mesas were wet-etched down to the n-doped layer. The
doped layers were then contacted by evaporation of ∼ 150 nm of AuGeNi for the n-type, and ∼ 20 nm
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This chapter presents the main experimental methods and techniques used throughout the course
of this project. The basic spectroscopic and time-resolved methods used for characterising single
QD properties are presented alongside details of the analysis employed to extract information on
the key parameters defining the QD performance, which were critical in the selection of QDs for the
experiments detailed in Chapters 5, 6 and 7.
3.1 Single Quantum Dot Spectroscopy
Standard spectroscopic methods were employed to access single QDs and characterise their suitabil-
ity. The superior optical quality of QDs, however, can only be accessed when the thermal energy is





where h is Plank’s constant, m∗ is the effective particle mass, kB is Boltzmann’s constant and T is the
absolute temperature. In this regime, the density of states forms a discrete series of delta-function
peaks with well-separated energies, resulting in the well-known atom-like energy structure. When the
thermal energy is higher, confinement is no longer comparable and so the density of states broadens,
allowing coupling of optical phonons and escape of bound charges, thus reducing optical quality.
For this reason, all experiments were conducted with the QDs held at cryogenic temperatures
of ∼8-44 K using a liquid Helium-cooled cryostat. The main experimental setup for performing
single QD spectroscopy can be seen in Figure 3.1. It consists of a confocal microscope mounted
atop a cryostat where the QD sample is housed. After insertion into the cryostat, the QD position
was accurately controlled using an XYZ piezo-electric nanopositioner, while a small heating wire
wrapped around the mounting stage of the sample was used to finely adjust the temperature of the
device through application of a small current. The temperature was stabilised to the designated value
























Figure 3.1: Photoluminescence spectroscopy setup. A standard microscope in the confocal setup is used to
collect and fibre couple emission from QDs optically excited by a laser. The sample is held at temperatures of
8-44 K in a liquid-Helium cool vapour cryostat. An optional rotation mount housing a quarter-wave plate and
a fixed linear polariser can be inserted to allow for polarisation-resolved spectroscopy.
3.1.1 Photoluminescence
Photoluminescence (PL) spectroscopy was used to measure the spectrum of light emitted from
the QD after optical excitation. A standard confocal microscope, shown in Figure 3.1, with the QD
positioned at the focal spot of an NA = 0.68 objective lens was used to couple light into a standard
telecom single-mode (SM) fibre. Due to the size (∼1 µm2) of the focal spot and the 8.2 µm core of
the collection fibre, it was routinely possible to collection emission from single QDs, provided the
3.1 Single Quantum Dot Spectroscopy 27
density of QDs in the wafer was low enough. As such, the term micro PL, or µPL, is often used to
describe such spectroscopy. Once coupled to the fibre, light from the QDs was sent to a 600 g/mm
spectrometer and spectra were recorded using a liquid-nitrogen cooled InGaAs detector, sensitive to
wavelengths of up to 1600 nm.
Optical excitation was performed using either a longpass dichroic mirror (above-band excitation)
or 8:92 pellicle beamsplitter (below-band excitation) to reflect the laser light down into the objective.
The differences in excitation schemes are discussed below. In most cases, an additional filter was used
after the laser fibre coupler in order to clean up the exciting laser light. This was particularly necessary
when using a below-band excitation laser of 1310 nm. In the collection path of the microscope, an
optional 45:55 pellicle beamsplitter was used to direct light from the sample to a InGaAs camera
for imaging. Here, an optional white-light source was sometimes used for imaging, requiring an
additional 8:92 pellicle beamsplitter. An additional dichroic mirror (pellicle) perpendicular to the
first was also used in most cases to compensate for any polarising effects of the first mirror (pellicle),
as this is essential when performing any entanglement-based measurement. Optionally, there was
also a rotation mount housing a quarter-wave plate (QWP) followed by a fixed linear polariser (LP)
used in the FSS measurements detailed in Section 3.1.3.
Excitation schemes
As discussed in Section 2.2.1, there are multiple excitation methods for creating carriers in the
QD which result in radiative transitions. Here, the cases of above and below-band non-resonant
excitation are the predominate focus. For the case of above-band, a continuous-wave (CW) or pulsed
785-nm diode laser was used. This was generally the scheme used for initial characterisations of the
QDs, however, it was later determined that using a below-band laser at 1310 nm improved the relative
intensity of the the X and X X with respect to the X − compared to 785-nm excitation. An example of
this can be seen in Figure 3.2, which compares the normalised spectra of a QD when excited at the X
saturation power with 785 nm and 1310 nm. The integrated intensity across the X and X − is 0.0256
and 0.0278 for 785 nm, compared with 0.0282 and 0.0189 for 1310 nm, showing a redistribution of
the intensity towards the neutral transitions. This can further be seen by the reduction of intensity
in what is speculated to be the X X − lines at a longer wavelength than the X −. This effect can be
explained by the below-band excitation creating more equal numbers of electrons and holes which
are subsequently captured by the QD, as opposed to the above-band scheme and stronger n-type
doping creating an excess of electrons. Given the relative ease of using this type of excitation and
the benefit of greater intensity from the neutral lines, below-band excitation was used for the main






Figure 3.2: Below-band excitation. Spectra of a QD optically excited at the X saturation power for 785 nm
and 1310 nm. The integrated intensities show that there is a redistribution from the negatively charged states
towards the neutral and positively charged states.
3.1.2 Electroluminescence
The sample structure presented in Section 2.2.6 showed that this wafer was grown with the intent of
creating a diode, such as those used in previous measurements of this lab [52, 64–66, 100, 101]. This
was indeed one of the original goals for the project, as the goal for developing an electrically-driven
single-photon source is of natural interest given the reduced experimental complexity [102, 103],
especially with high-speed pulsed driving schemes [104–106], the possibility to also operate in a high
temperature regime [107–109] and with development of such sources at telecom-wavelengths [110,
111].
As the QDs are grown in the intrinsic region of a p-i-n diode structure, applying a bias voltage
across the device can be used to bring the diode into flat-band operation. This allows current to flow
and carriers to excite the QD. This method of excitation is therefore referred to as electroluminescence
(EL). For the device used in this project, EL was in fact limited in use to temperatures of above ∼ 40 K,
due to issues of p-type doping causing holes to freeze out at lower temperatures. This was supported
by the relatively large p-p type contact resistance. This effect was also found previously in wafers
grown with DE QDs on GaAs at shorter wavelengths [112–114]. It was also hypothesised that in this
regime there could have be crystal defects or large nucleation sites, which were acting as charge traps
preventing carriers from reaching the QD and providing non-radiative decay channels [115].
An attempt was made to improve the temperature of operation by increasing the amount of
p-type doping in the top mirror. Figure 3.3 shows an example of QD emission from one such wafer
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as a function of temperature. The overall temperature of operation was marginally improved, and
reasonable emission could be found around 25 K. Cooling further, however, rapidly quenched the
emission. As will be discussed in Section 4.4, the coherence time was strongly affected by temperature
and, as a result, experiments were predominately carried out with optical excitation due to the lower
temperature of operation and superior optical quality of the QD emission.
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Figure 3.3: Quenching of electroluminescence. Spectra of part of wafer MR4195 showing the emission from
QDs as a function of temperature for the same bias voltage of 1.75 V. The temperature of operation was lowered
from MR4059 down to 26 K while retaining bright QD emission, however, cooling further caused a quench of
the emission over a few Kelvin.
Application of a bias voltage was still, however, an important tool for some characterisation, such
as the FSS study which could be performed at higher temperatures, and also to apply an electric
field either in reverse or forward bias. The latter is a useful tool in some cases to improve the charge
environment of the QD [116, 117].
3.1.3 Fine-Structure Splitting Characterisation
An important task in the characterisation of QDs to be used for entanglement based experiments
is to quantify the FSS. As mentioned in Section 2.2.3, the FSS is the key parameter in determining
the expected entanglement fidelity when using detectors with limited temporal resolution due to
the phase evolution of the two-photon state. In order to resolve oscillations, the jitter of the detector
needs to be smaller than a π/2 change in the phase, leading to a limit on the FSS of S < h/4τDet .
Since the resolution of the SNSPDs used throughout this project was never below ∼ 90 ps, the limit
imposed on the maximum usable FSS was ∼ 12 µeV.
Polarisation-resolved spectroscopy is a convenient method to determine the FSS of neutral Xs
and XXs, as the polarisation of the emitted photon correlates with its energy. A polarimeter, which
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consists of a rotating QWP followed by fixed LP, can be used to determine this splitting through
discrimination of the polarisation state of the light. If the input state of light is given in terms of













where I , Q, U and V denote the Stokes parameters defining the total intensity and the intensity of
polarisation in the horizontal, diagonal and circular bases, respectively, M⃗(χ) is the Muller matrix
defining the measurement of a QWP at an angle χ to a subsequent linear polariser [118], set to be
aligned along the horizontal axis. The resulting measured intensity is then
I0(χ) = 1
2
(2I +Q +Q cos(4χ)+U sin(4χ)+2V sin(2χ)). (3.3)
This relates to the FSS, S, as the mean energy, 〈E〉, of the transition is the polarisation weighted average
of the eigenstates |XH 〉 and |XV 〉 with energies EH = 〈E〉+S/2 and EV = 〈E〉−S/2, respectively. Thus,
























where Ī0(χ) is the intensity of the orthogonal polarisation corresponding to {Q,U ,V } →−{Q,U ,V },








following the normalisation of I 2 =Q2 +U 2 +V 2 = 1. This method is a reformulation of that which
has been detailed in the previous work of this lab [90] and is robust against fixed birefringence in the
system, such as that introduced by semi-polarising optical components or optical fibre.
The added benefit of expressing the problem in this way is that we can use frequency analysis on
Equation 3.4 to directly determine the Stokes parameters in terms of the magnitude of the 0χ, 2χ
and 4χ frequency components by performing a Fourier Transform, allowing an essentially fitting free
reconstruction of the measured polarimeter data. Analysing the data in this way is further robust to
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effects such as beam-steering in the intensity as this only introduces 1χ components, as long as the
measurement is taken over a full rotation of the QWP.
By measuring spectra of the QD as a function of χ, E0(χ) can be calculated. As the resolution
of the spectrometer grating used here is ∼ 89 µeV, Gaussian fitting routines are required in order to
accurately determine the central energy of the transition, with a resolution of approximately 2 µeV. A
Fast Fourier Transform (FFT) is then performed on the data in order to extract the relevant frequency
components from which the polarimeter curve can be reconstructed. Figure 3.4 shows an example
of such a measurement for the X and X X where the deviation in energy E0(χ)−〈E〉 alongside the
reconstructed polarimeter curves detailed in Equation 3.4 have been plotted. Immediately, it can
be seen that the reconstructed curves describe the data almost exactly, and are essentially the same
as those determined by the fitting methods used in [90]. From Figure 3.4, it is also noted that the
measured state is elliptical in splitting polarisation with respect to the lab frame; however, the EX X
and EX remain perfectly anti-correlated in energy corresponding to the emission of co-polarised
photon-pairs, as expected from the radiative cascade system with eigenstates {|XH 〉 , |XV 〉}. The
determined S = 18.2±2.2 µeV, where the error has been calculated by a Monte-Carlo approach from
the variance of the fitted central energies. Unfortunately, for the purposes of entanglement, this QD
is unsuitable due to its large FSS and serves only as an example here.
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Figure 3.4: Fine-structure splitting measurement of the X and XX lines from an example QD. µPL spectra
were measured for a range of QWP angles and the central energy of the lines were determined from Gaussian
fits to the spectra. Reconstruction of the polarimeter curve according to Equation 3.4 then requires no further
fitting procedures and allows S to be obtained directly.
A characterisation of the fine-structure splitting on the device M10 of the sample wafer MR4059 was
then performed using electrical injection at a temperature of 44 K. The device was operated under
a bias of 1.9 V, chosen to be somewhat above the QD emission turn on of around 1.5-1.6 V in order
to have reasonable intensity and improve on the SNR for the subsequent spectral analysis. In this
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regime, the emission is expected to be similar to that under optical excitation using an above-band
laser with a power close to the X saturation.
Statistics were gathered from 90 QDs distributed across the single mesa. A scatter plot of the X
recombination energy and the FSS alongside the marginal distributions can be seen in Figure 3.5,
where a mean FSS of 27.1±1.1 µeV and standard deviation of 13.4 µeV was found. This value is a
factor ∼ 1.5 lower than the previously reported average from samples grown by this method [90].
This could suggest that there has been an improvement in growth for this sample leading to more
symmetrical QDs, such as the reduction of strain-driven mixing in the InAsP ‘quasi’ wetting layer
during QD formation. The mean X recombination from the measurements is 0.814 eV, corresponding
to λ = 1523 nm, which is somewhat below the centre of the expected planar-cavity mode for this
sample (∼λ= 1535 nm). This could be a result of the local growth conditions for this particular section
of the wafer and contributes to some of the challenges in finding candidate QDs for the experiments
presented later, due to the requirements of QD intensity in two and three-photon measurements. It
is further noted that there is no correlation between the X recombination energy and the measured
FSS within the cavity mode for this sample.
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Figure 3.5: Fine-structure splitting statistics for the neutral exciton. Scatter plot of the measured FSS and
the X recombination energy for 90 QDs. The mean of the fitted distribution (red curves) determines a
mean of 27.1±1.1 µeV. The mean X recombination from the measurements is 0.814 eV, which is somewhat
below the peak of the expected cavity mode for this sample, suggesting that most QDs would lose significant
enhancement from the cavity when cooling further below 44 K for optical measurements.
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3.2 Time-Resolved Spectroscopy
Many experiments using QDs require probing the dynamics of the emission. This is achieved by
performing time-resolved measurements using fast single-photon detectors and fast correlation
electronics to time tag photon detection events relative to a syncronisation, or sync, clock. Histograms
of the number of detected photons can then be acquired for the relative time delay between the sync
and detection events. In this work, superconducting nanowire single-photon detectors (SNSPDs)
with efficiencies ranging from 48−65%, and timing resolutions of 90−125 ps were used. Due to a range
of technical problems, detectors were frequency replaced and therefore vary between experiments
throughout this work. The relevant timing resolutions, or jitter, will be stated for each experiment.
Time-correlation electronics enable photon time-tagging with a resolution of down to 1 ps, which
was performed using a PicoQuant HydraHarp for all measurements.
In order to measure time-resolved emission from the QD, the light from the correct wavelength
of interest must be filtered before being sent to the detectors. To achieve this, a free-space transmis-
sion grating is used for all time-resolved data acquisition. The transmission grating allows the QD
transitions to be spatially separated and fibre-coupled with a transmission bandwidth of ∼ 0.5 nm
and coupling efficiencies of typically >65%. After fibre coupling, the light can then be sent to any of
the fibre-based experimental setups or directly to the detectors. With this setup, it is then possible
to perform time-resolved measurements. An example of such measurement can be seen in Figure
3.6, where the radiative decay time, τr , of the X can be determined from the time-resolved intensity
following excitation by a pulsed laser, where the laser trigger is used as the sync clock to begin
coincidence counting events. By fitting the decay to a bi-exponential, the radiative lifetime (given by
the fast-decay) was determined to be τF = 1.77±0.01 ns (slow component τS = 17.8±2.9 ns), which
was found to be fairly typical of QDs in this sample, as discussed later in Section 4.3.
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Figure 3.6: Time-resolved spectroscopy. Time-resolved intensity of the emission from an X , optically excited
with a pulsed 785 nm laser with a repetition period of 40 MHz. The radiative lifetime was determined to be
τr = 1.77±0.01 ns using a bi-exponential fit to the data.
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3.2.1 Second-Order Correlations
As discussed in Section 2.1.2, intensity autocorrelation measurements using a HBT setup are critical
for characterising the photon statistics of a light source. The experimental implementation of the HBT
measurement is shown in Figure 3.7, where emission from the QD is sent through the transmission
grating before coupling back into a balanced fibre beamsplitter. The ‘start’-‘stop’ measurement can
then be made with the correlator, where histograms of events with the relative time delay are built.
For more complex experiments involving raw photon time tagging, the correlator can be operated in
time-tagged time-resolved (TTTR) mode, where the time of each photon detection event is recorded
relative to a sync event.
Not only do such measurements allow for characterisation of the single-photon performance of
a QD when operated in histogram mode, but also form the basis of all two-photon measurements,
such as TPI discussed in Chapter 5 and entanglement discussed in Chapter 6. Cross-correlations
between different transitions in the QD can also be performed to further characterise the QD emission
dynamics, such as those discussed in Chapter 4. The operation in TTTR mode for time tagging is
useful in order to build three-photon coincidence events, such as those required for measuring







Figure 3.7: Experimental setup of the Hanbury-Brown Twiss autocorrelation measurement. Emission from
the microscope is sent to a free-space transmission grating (TG) to spatially separate and couple individual
transitions. After the TG, the light is sent through balanced fibre beamsplitter before detection on the SNSPDs.
Correlation electronics are used to build histograms of detection events with relative time delay ∆τ= τ2 −τ2.
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3.3 Flexible Pulsed Excitation Scheme
As one of the aims of this project was to operate the photon-source at high repetition rates to match
those used by operational QKD protocols [119, 120], the implementation of an excitation scheme
to facilitate this was required. Traditional laboratory pulsed lasers used for optical excitation are
generally limited to repetition rates of around 80 MHz and below, whereas for the experiments
described here, the desired operating frequency was 1 GHz. In order to reach such high repetition
rates, a flexible scheme based on an electro-optic modulator (EOM) was used to carve out pulses of
independently tunable width and frequency from a CW laser.
The scheme used, and built by colleague Dr. Tina Müller, is outlined in Figure 3.8, where a
1310-nm fibre-coupled laser was aligned to the transmission axis of a 20-GHz bandwidth EOM using
a polarisation controller (PC) for intensity modulation. A pulse generator was used to define narrow
(FWHM down to 100 ps) excitation pulses through the application of a radio-frequency (RF) signal (up
to 3.3 GHz) to the EOM. An offset bias voltage was applied with active feedback routine (written by Dr.
Müller) based on the voltage of a photo-diode (PD), in order to maintain > 20 dB suppression of the
laser between the excitation pulses. The output pulses from the EOM were then directed to another
PC before the digital variable attenuator (DVA) used to control the excitation power. Emission from
the QD was then collected using the standard microscope described in Section 3.1.1. With this setup,
a high level of control of the excitation conditions for various frequencies could be achieved. An
example of such pulses can be seen in Figure 3.9, where the time-resolved intensity of the excitation
laser was measured relative to the pulse-generator clock, for a frequency of f = 1.07 GHz. The
frequency is slightly above that of the desired value of 1 GHz, as this was found to be optimal in
terms of simultaneously achieving the narrowest pulses with highest contrast. The resulting width of
the excitation pulses was ∼ 160 ps. This configuration was used for all GHz-clocked experiments in













Figure 3.8: Flexible excitation pulse scheme. A 1310-nm CW laser is modulated by an EOM with active voltage
stabilization in order to create flexible excitation pulses. The GHz-clocked emission is collected from the QD
and sent to the detection system for subsequent measurement. PC, polarization controller; EOM, electro-optic
modulator; BS, beam splitter; PD, photodiode; DM, dichroic mirror; FC, fiber coupler; DVA, digital variable
attenuator.
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Figure 3.9: Time-resolved measurement of GHz-clocked excitation pulses. Generation of excitation pulses
at f = 1.07 GHz with a width of ∼ 160 ps and a suppression of 2.5 orders of magnitude, using the setup
described above.
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3.4 Fourier-Transform Spectroscopy
As discussed in Section 1.2.3, quantum teleportation and other applications in LOQC utilise interfer-
ence of single-photon wave packets [48]. Being able to characterise the coherence in the emission of
a source is thus of great importance in order to determine not only the temporal width of the photon
wave packet, but also to determine the shape of the temporal modefunction, as this too contributes
to the inference at the beamsplitter.
For a QD, spontaneous emission from radiative transitions results in a frequency distribution
related to the natural linewidth ∆ω. Due to the energy-time uncertainty this leads to a characteristic
temporal width of the photon wave packet, or coherence time, T2 ∝ 1/∆ω. In the presence of
additional dephasing processes from the semiconductor environment, the state is no longer fully








where T1 and T ∗2 define the radiative lifetime and the pure dephasing time, respectively. The de-
phasing reduces the coherence time of the photon and, additionally, has the potential to change the
resulting profile, depending on the type of process present. Since the temporal fluctuations in phase
and broadening of the frequency spectrum are manifestations of the same physical effects resulting
from the dephasing processes, the Wiener-Kintchine Theorem tells us that the frequency spectrum
Ĩ (ω) is related to the first-order temporal coherence function, g (1)(τ), via the Fourier transform [58]




g (1)(τ)e iωτdτ, (3.8)
where g (1)(τ) is defined by the correlation of the electric field operators for the single-photon mode
[46]
g (1)(τ) = 〈Ê
−(t )Ê+(t +τ)〉
〈Ê(t )〉2 , (3.9)
and is therefore related to the temporal modefunction, ξ j (t ), defining the single-photon wave packet
by [121]
Ê+j (t ) = ξ j (t )â j
Ê−j (t ) = ξ∗j (t )â†j ,
(3.10)
where â j (â
†
j ) is the photon annihilation (creation) operator for mode j .
This allows information about the spectral features to be inferred directly from measurements in
the time domain. Such a technique, known as Fourier-transform Spectroscopy (FTS) [122–124], is a
very powerful tool in single-photon spectroscopy, as characterisation of narrow linewidth emitters in
the spectral domain can be experimentally challenging, typically relying on the use of highly lossy
Fabry-Perot etalons. Conversely, measurements of the temporal coherence function g (1)(τ) can be
made directly with very high precision using a Michelson Interferometer (MI), where single-photon
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interference fringes can be measured according to the output intensity









where I0 is the input intensity. The interference visibility can then be calculated as
V (τ) = Imax − Imi n
Imax + Imi n
= |g (1)(τ)|, (3.12)
where Imax (Imi n) correspond to the cases of constructive (destructive) interference. Thus, by mea-
suring fringes for several values of the coarse delay and calculating V (τ), one can access |g (1)(τ)|
which directly determines T2, the shape of the Ĩ (ω) in the frequency domain and thus the character-






3.4.1 Temporal Mode Function of the Neutral Exciton
As the focus of experiments in this project work is towards teleportation using the entangled photon-
pairs from the X X -X cascade, the coherence properties of these lines are the main interest, since
they will be used for the interference discussed in Chapter 5. For this reason, characterisation of
coherence times will also predominantly focus on these neutral lines. As discussed in Section 2.2.3,
the presence of the anisotropic exchange interaction results in the FSS between the degenerate levels
of the X , resulting in a linearly polarised doublet. Assuming for now that the transition is dominated
by homogeneous broadening as a result of fast-relaxation processes such as those caused by carrier
relaxation in above-band excitation, the frequency spectrum of the X will then comprise a pair of
Lorentzian functions of the form









where m defines the relative intensity of the doublet, Γ is the frequency linewidth and ω0 is the
frequency splitting. Here, the linewidth Γ is taken to be the same for each transition, however, in
general this may not be true [126]. The relative intensity m is used to account for any difference in
detection probability corresponding to polarising elements of the detection system. The first-order
coherence function is then simply





from which the visibility can be determined as
V (τ) = e− τT2
√
−2(m −1)m cos(Sτ/~)+2(m −1)m +1 (3.16)
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and Equation 3.16 fulfils the condition of Equation 3.11. A simulation of the expected output for such
a state is shown in Figure 3.10 for T2 = 2 ns, S = 2 µeV and for different values of the relative intensity
m, showing the effect of moving from a perfectly balanced doublet into a single transition.
The unpolarised emission is chosen for measurement as it allows all the intensity from the QD to
be sent into the interferometer. Since the loss of the MI was approximately 50%, this was helpful for
increasing the SNR. Additionally, the measurement of the beating effect from the doublet provides
an independent and high-resolution method to determine the FSS, as the curve can be sampled in
the time-domain with a resolution set by the step-size of the optical delay line (ODL). This can be
particularly useful for characterising smaller FSS values, provided the length of the ODL is sufficient
to resolve the beat.
[ns]
Figure 3.10: Simulated visbility function for an X doublet.
3.4.2 Single-Photon Interference Measurement
For characterising single-photon interference, a MI was used to determine the coherence time T2 of
the emission from single QDs. For this purpose, an all-fibre MI was constructed using standard SM
telecom wavelength components. Figure 3.11 shows the implementation of this. A 50:50 beamsplitter
was used to split the incoming light between the two arms. An ODL in one arm allowed the time
delay between the two arms to be varied coarsely, while a piezo-actuated fibre-stretcher (FS) in the
other arm allowed the length between the two arms to be varied with sub wavelength resolution.
In both arms, a Faraday mirror (FM) was used to reflect the light back onto the 50:50 beamsplitter.
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The output intensity was then sent to either the spectrometer for multi-line analysis, or towards a
transmission grating for detection using SNSPDs. The use of the FM ensured that any rotations to
the state caused by the fibre while in transmission in one direction were subsequently reversed upon
transmission back down the same path. This was found to work with great success provided the MI
was relatively well-isolated from fast thermal fluctuations, which was achieved simply by housing
the interferometer in a polystyrene box. Experimentally, the fine-delay in the interferometer was
scanned through the application of a bias voltage to the FS, for each coarse position set on the ODL.
The inset of Figure 3.11 displays an example of such interference fringes for a scan range of 0.5-1.5 V,




























Figure 3.11: Fibre-based Michelson interferometer for single-photon interference measurements. All stan-
dard telecom fibre components are used in the construction. Input light is incident on a 50:50 beamsplitter
and sent down two arms of the interferometer. In one arm, an ODL use used to set the coarse delay position,
before being reflected using a FM. In the other arm, the voltage of a piezo-actuated FS is scanned to measure
single-photon interference fringes in the output intensity.
An example measurement of an X can be seen in Figure 3.12, where the calculated interference
contrast is plotted over a range of ∼ 500 ps for a QD optically excited at the X saturation power. The
data has been fitted using the Equation 3.16, where T2 = 309±15 ps, S = 17.8±0.2 µeV and m = 0.
The upper panel shows the corresponding interferogram for the measurement, where it is possible to
see the interference decay for all major transition in the QD. The right panel shows a time-integrated
spectrum close to the zero-delay, where the shaded area denotes the region of integration. The main
panel inset shows two examples of the integrated intensity of the X for high and low visibility, where
additional care has been taken to integrate over a region wider than the spectral resolution, as to
not artificially increase the coherence time through spectral filtering [122]. The QD used for this
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measurement is the same as that shown in Figure 3.4 for the FSS measurement, and shows a perfect
agreement with the value for the FSS. This measurement was best described with m = 0, highlighting
that there were no significant polarisation effects.
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Figure 3.12: Measurement of single-photon interference using all-fibre MI. Fitted interference visibility as a
function of coarse delay steps for a QD optically excited at the X saturation power. Solid (red) line is a fit to the
data according to Equation 3.16, where T2 = 309±15 ps, S = 17.8±0.2 µeV and m = 0. Upper panel displays
the raw interferogram of the measurement, and the right panel displays a time-integrated spectrum of the QD,
where the shaded region denotes the area integrated for the visibility calculation. Main panel inset displays




Emission from InAs/InP Quantum Dots
In this chapter, a thorough characterisation of the InAs/InP QDs emitting near the telecom C-band is
performed. The emission from the QDs is characterised both spectrally, in order to determine the
main spectral features and the coherence properties, and through time-resolved measurement, in
order to determine the single-photon level and emission dynamics of the emitters. These measure-
ments provide an understanding of the internal dynamics of the emitters and are used in order to
determine suitable QDs for performing interference and entanglement measurements, the prerequi-
sites for quantum teleportation.
4.1 Introduction
The development of QD quantum light sources emitting directly into the telecom C-band is crucial
for applications in efficient long-distance fibre quantum networks due to the minimum loss in
transmission at these wavelengths. As discussed in Section 2.2.5, most systems currently looking
to reach this band have relied on strain relaxing growth methods using the InAs/GaAs QD material
system [85], where single-photon emission has been demonstrated [127–129]. An alternative method
to reach these wavelengths, and the approach adopted in this work, is to swap the host material for
InP [93, 94, 96], where there have also been successful demonstrations of single-photon emission [87,
95, 130–132]. However, there is to date a lack of a promising single-photon sources in this band
which simultaneously offer high photon count rates, high entanglement fidelity and high photon
indistinguishability, such as to enable quantum information applications.
Building on the previous success in this lab with InAs QDs emitting at telecom wavelengths [83, 84,
99, 133, 134], a characterisation of InAs QDs grown on an InP will be performed in order to understand
the emission dynamics of these QDs. Firstly, power and temperature-dependant spectroscopy will be
considered to determine the different excitonic complexes, followed by time-resolved spectroscopy
to analyse the single-photon performance and the internal QD dynamics. The chapter will then
44 Characterisation of Single-Photon Emission from InAs/InP Quantum Dots
conclude with a study of the coherence times, in order to characterise the suitability for interference-
based applications.
4.2 Photoluminescence Spectroscopy
As discussed in Section 3.1.1, photoluminescence spectroscopy was used to perform measurements
in the spectral domain of the QDs. Optical excitation of the QD using a non-resonant laser creates
electrons and holes in the bulk InP matrix, which are captured by the QD with picosecond relax-
ation times. Since the decay time of the QD transitions is on the order of nanoseconds, and the
acquisition of a spectrum is on the order of seconds, the measured spectrum consists of the sum of
the many charge configurations reached within this time. As such, many transitions from each of
the charge complexes discussed in Section 2.2.2 can be seen in a typical spectrum. These spectra,
therefore, show numerous lines originating from a single QD. It is possible to use excitation power,
temperature and polarisation-dependent measurements to assign the main spectral features to the
different excitonic complexes, in order to characterise and further understand some of the relevant
emission dynamics from these QDs. This type of basic characterisation is an essential first step in
the unambiguous identification of the neutral X and X X , which form the basis of all experiments
in this work. Additionally, such understanding is necessary for this relatively new platform, where
little research has been conducted previously, in order to guide future improvements to the growth
conditions or doping profiles, for instance.
4.2.1 Power Dependence
To begin, an excitation power dependence in the PL intensity was measured using a CW above-band
laser at 785 nm at T = 12 K, in order to classify the single excitonic states from the multi-excitonic
states. Due to the population dynamics of the QD, it is expected that the probability to capture an
electron-hole pair, for excitation powers below saturation, is Poissonian [135, 136]. A typical power-
dependent spectrum is shown in Figure 4.1a, where initial estimates of the spectral assignments have
been labelled. The respective integrated intensities of these spectral features is shown in Figure 4.1b.
As can be seen for three of the five major transitions, there is an approximately linear dependence
on the excitation power corresponding to a single excitonic state. This is confirmed by a linear fit (on
a log-log scale) to what is suspected to be the neutral X at this point, showing a gradient of ∼ 0.88.
The remaining two lines show a somewhat increased gradient in the excitation power dependence.
However, in contrast to the expected quadratic dependence on excitation power, the gradient is
determined to be only super-linear with a value of ∼ 1.35. The increased gradient thus determines
such states to be multi-excitonic or potentially higher-lying charged states, such as a doubly charged
exciton, where the additional charge carrier occupies the p-state [73]. This dependence of the PL
intensity with above-band optical excitation was found to be consistent across many QDs in the
sample investigated. From the measured gradients, in addition to the polarisation dependence of the
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FSS as discussed in Section 3.1.3, it was possible to clearly determine the neutral X and X X states.
While this was sufficient to proceed for the experiments considered here, it is interesting to examine
the other spectral features in order to develop a greater understanding of the QD dynamics.
[μW]
Figure 4.1: Power dependence of an optically excited QD. a Power-dependent spectrum under optical exci-
tation with 785 nm light at T = 12 K. b Integrated intensity of the main transitions from a. Linear fits (on a
log-log scale) to the data (red-lines) shows gradients of ∼ 0.88−1.35 for all transitions.
In addition to the consistency of the gradients of the PL intensity as a function of excitation power for
the five major spectral features, the relative intensities and relative recombination energy of these
features was also found to be remarkably consistent across the majority of QDs in the sample. While
the average recombination energies shifted due to size variations of the QDs, the relative energies
of the transitions with respect to the X remained consistent. The distinctive pattern in the energy
distribution of the transitions can be seen in Figure 4.2, where the binding energy of each line has
been plotted relative to the X . This data was taken from the FSS study in Section 3.1.3, however, the
distinctive pattern remained similar for lower temperatures, with a shift in relative intensities.
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Figure 4.2: Relative recombination energies of main QD transitions. Energy of the main transitions relative
to the neutral X for a sample of 90 QDs under EL at T = 40 K. The spectra of each QD displayed a consistent
pattern in energies, as shown for nearly all QDs measured. No trend is seen as a function of X recombination
energy, for the range considered here.
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This distinctive distribution of the recombination energies suggests that the formation and morphol-
ogy of the QDs in this sample was similar, resulting in similar confinement potentials and energy
structure. From this, the additional transitions are tentatively assigned as in Figure 4.1a, by consider-
ation of the energetic ordering, whereby due to the Coulomb interaction and the relative mass of the
electron and the heavy hole, the X − (X +) is found at lower (higher) energy than the X [75, 137–139].
The X X is found to be in the binding regime with a mean binding energy of ∆EB = 2.69±0.19 meV.
The assignment of the X ∗ corresponds to an indeterminate charged state, with the possibility of it
being a charged biexciton X X − or a doubly negatively charged exciton X 2−. The assignment of the
singly charged states is supported by the excitation power dependence, in addition to the absence of
a fine-structure [73]. It is further supported from the doping profile of the structure [99], the large
p-p contact resistance discussed in Section 3.1.2, and the increased overall intensity in the lower
energy side of the spectrum, suggesting an asymmetry of electron and hole capture rates and an
overall tendency for the QD to be negatively charged. It should also be noted that while doping profile
and asymmetric capture rates of electrons and holes could explain the overall negative spectrum, it
was recently demonstrated that the lack of a wetting layer could result in highly negatively charged
complexes in smaller QDs emitting near 960 nm [140]. However, the structure investigated in this
work comprised of a pronounced Coulomb blockade, whereby electrons could be added one by one
through the application of a gate voltage, which is not the case here.
4.2.2 Temperature Dependence
The operating temperature of a QD source requires a compromise between technical convenience
and optimal environment afforded by very low operating temperatures. At higher temperatures above
liquid He temperature, increased interaction with phonons are a dominant source of dephasing and
reduction in the optical quality of QD emission [141–143]. On the other hand, it is more technically
feasible to operate such sources at higher temperatures, in order to reduce the complexity of the
experimental apparatus, resulting in the possibility of more compact systems [144, 145]. Operation
of a single-photon source at liquid-nitrogen temperatures in the telecom C-band has already been
demonstrated with GaAs-based QDs [128], as well as entangled photon pairs in InP-based devices [99].
Such a high temperature operation would be a desirable situation moving forward, especially when
looking towards field deployment applications [134] using portable systems [145]. Since similar
QDs to those used here have already been used in a demonstration of single and entangled photon
emission at elevated temperatures (up to ∼ 77 K), consideration of the suitability of such an operation
for interference-based applications will be made in Section 4.4. However, the characterisation of the
QD as a function of temperature is used here to first assist in the assignment of the main spectral
features.
The PL characterisation above was performed at cryogenic temperatures of T = 12 K, where only
very low-energy phonons up to kB T ∼ 1 meV are available to interact with the QD states, resulting in
sharp features from the zero-phonon line (ZPL) [141]. Figure 4.3a shows an example of a spectrum
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for the same QD excited optically at T = 45 K, where the phonon-induced broadening is immediately
apparent. Another feature, is the increased relative intensity of the X + transition with respect to the
X − and X ∗. Indeed, by examining the normalised intensity as a function of temperature, as shown
by Figure 4.3b, it can be seen that there is a shift in the relative intensity from the X − to the X + for
increasing temperature. This supports the previous assignment of the charge complexes, due to the
consistency with the increased availability of holes for higher temperatures, corresponding well with
the onset of EL under a positive bias at such temperatures. The characteristic redshift in the X -energy
is also seen for increasing operating temperatures, relating to the change in the bandgap energy. In
addition to this, there is a rapid broadening of the ZPL as a result of phonon-assisted relaxation, and
also emission into the phonon sidebands corresponding to the coupling of the exciton to acoustic
phonon states [146]. While it is possible to filter out these sidebands, the observed broadening of
the ZPL for increasing temperature will naturally reduce the coherence in the emission, and will be
explored in Section 4.4 to determine the suitability for higher temperature experiments.
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Figure 4.3: Temperature dependence of the QD spectrum. a Spectrum of a QD under optical excitation
with 785 nm light at T = 45 K. Higher temperatures result in the coupling of optical phonons leading to an
increase in the linewidth of the QD ZPL transitions, in addition to the appearance of phonon side-bands. b
Temperature-dependent normalised spectra for excitation powers below the X saturation. The increasing
temperature leads to a redistribution of the charge configurations within the QD, as seen by the change in the
relative intensity of the negative and positive charged excitons
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4.3 Single-Photon Emission Dynamics
The single-photon nature of the QD light source is of particular importance when looking towards
quantum information applications. As discussed in Section 2.1.1, the quantum nature of the emission
from QDs can be characterised by determining the degree to which the light is anti-bunched. In this
section, a basic characterisation of the single-photon properties of a QD emitting near the telecom
C-band is performed using above-band excitation at 785 nm.
4.3.1 Second-Order Intensity Correlations
The HBT correlation for the X is shown in Figure 4.4, under excitation at PSat (left) and PSat /4
(right). Following the anti-bunching dip at short time delays |τ| > 0, the correlations show a small
bunching. This corresponds to an increased probability for detection of another X photon at short
times after fast re-excitation or population from a long-lived shelving state. The width of the dip
is narrower than expected for the radiative lifetime of this QD, corresponding to re-excitation of
the X . The most important feature to note is the relatively smooth dip that is almost Gaussian in
shape, for both excitation powers. This deviates strongly from the expected exponential dip shown in
Figure 2.2 for an ideal two-level system, indicating the presence of multiple energy levels involved
in the single-photon emissions dynamics. This is, in part, seen by the fact the emission spectrum
displays five prominent spectral transitions, with a host of much smaller ones, and can also be related
to the excitation scheme used. Since carriers are excited in the bulk InP, there are multiple relaxation
channels available when populating the QD. Therefore, each energy state involved in the process
adds to the emission dynamics. For lower power, the bunching time increases and remains coupled,
indicating a slower population and longer population time of the intermediate shelving states.
Figure 4.4: HBT autocorrelation under 785-nm excitation. (Left) High power excitation at PSat . A fit to the
data (solid line) reveals a raw (deconvolved) g (2)(0) = 0.22±0.01 (0.21±0.01). (Right) Low power excitation at
PSat /4. A fit to the data (solid line) reveals a raw (deconvolved) g (2)(0) = 0.15±0.02 (0.14±0.02).
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To describe the main features of the data, a 10-level rate equation model based on the work in [147] is
constructed and numerically solved. The model includes the main QD transitions seen in the spectra,
in addition to the individual charge states, such that there are the levels {g ,e,h, X , X +, X −,2e, X 2−
, X X , X X −}. To account for the above-band excitation, the population dynamics are defined solely by
the timescales ce and ch , the electron and hole capture times, respectively. The capture of a bound
exciton such as in the model of [148] is decoupled here. The radiative decays are set to be those
determined from time-resolved measurements for the X (τX = 1.77 ns), X X (τX X = 0.35 ns), and
the charged lines are set equally to the measured value of the X − (τX − = 1.6 ns), which is merely an
approximation here. The radiative transitions of the X X − and the X 2− in the first case are set to
be instantaneous and have little effect on the emission dynamics when considering only the X (as
determined by large fitting errors).
By solving the system of equations for the populations, the second-order autocorrelation func-
tions are then defined as in Section 2.1.2 by [149]
g (2)QD(τ) =
(ni (τ)|ni (0) = 0)
ni (∞)
(4.1)
where ni is the population of the state i and the initial conditions are determined by the system
being in the state resulting after excitonic recombination from the state considered. For the X , the
conditions simply start from the ground state being populated due to the previous detection of an X
photon. To account for the contributions of uncorrelated light and the detector dark counts (typically




where β is the fraction of uncorrelated light, which leads to an increase in the g (2)(0) and reduces
the single-photon purity of the source. Equation 4.2 is then convolved with the Gaussian detector
response with a timing resolution of∆τDet = 125 ps for these measurements. Using this model results
in an excellent agreement with the experimental data for the X in both power regimes, as shown by
the solid red lines in Figure 4.4. For the measurement at PSat, the fitted electron and hole capture
times were ce = 1.07±0.08 ns and ch = 1.16±0.06 ns, respectively. The slightly faster capture time
for the electron suggests again that the holes are limited in supply leading to a more negatively
charged QD, on average. A fitted background contribution of β= 0.12±0.01 results in a deconvolved
g (2)(0) = 0.21±0.01, which is far below the threshold of 0.5 to demonstrate single-photon emission.
This value is relatively high when compared to some other values of telecom C-band QD sources [68];
however, these QDs were quasi-resonantly excited using the QD p-shell. The values obtained here
are still comparable to other InAs/InP-based systems at this wavelength [81]. For the measurement at
PSat/4, the fitted electron and hole capture times ce = 3.86±0.10 ns and ch = 4.44±0.08 ns, respectively,
are much longer due to the low excitation power. The difference between the electron and hole
capture times is more pronounced for the lower excitation power, indicating that the holes become
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the limit in the X emission. This leads to longer bunching times as a result of the time spent in the
intermediate electron state, as shown in Figure 4.4. The fitted background here is β = 0.08±0.01
leading to a g (2)(0) = 0.14±0.02, which is lower as expected. This is due to the lower excitation power
reducing the amount of background light coming from the semiconductor environment, since at
high power the X intensity becomes saturated and the background intensity increases linearly. Note
that the detector response here has little effect on the measured g (2)(0) due to the wide nature of the
dip around the zero delay and, therefore, the deconvolved curves are not displayed. In this regard,
the model has given a fairly accurate estimation of the emission dynamics and single-photon level,
since it accurately describes the shape of the correlation function under both powers considered.
4.3.2 Multilevel Dynamics
After using the multilevel rate equation model to some degree of success in describing the X emission
dynamics, it is interesting to further consider some of the other levels involved. For this, a series of
cross correlations were recorded by Toshiba Research Laboratory colleague Dr. Tina Müller, with the
QD excited at PSat. The results of these can be seen in Figure 4.5, where each correlation considered
has been labelled and the model discussed previously has been evaluated using the parameters
derived from the previous fits.
The main focus in these cross correlations was to examine relations between the X and the
charged complexes X −, X + and the indeterminate X ∗. Here, it was found that describing this
transition using the X 2− population gave the most accurate picture. Indeed, excellent agreement
was found qualitatively for the dynamics of the negatively charged transitions when assuming
radiative lifetimes τX X − = 0.5 ns and τX 2− = 1.2 ns, which were determined manually through iterative
adjustments to obtain reasonable agreement, and were not fitted. This is evidenced in particular
by the excellent fit to the X − autocorrelation, where only the background contribution was fitted
and all other parameters were fixed to those determined from the X fit. The X − autocorrelation is
not only well described by the model, but also displays a better single-photon character than the X ,
with a raw (deconvolved) g (2)(0) = 0.09±0.02(0.08±0.02). The lack of bunching features leads to a
more familiar two-level appearance. However, the round dip is still present here indicating again
the high relaxation dynamics involved in the X − emission. In terms of applications requiring only
single-photon emission such as QKD [24], the brighter emission of the X − coupled with the higher
single-photon purity could be a promising route for further investigation, particularly when looking
towards resonant excitation schemes to further improve the single-photon purity.
Considering the X −-X correlation, the small bunching after detection of an X − photon relates
to the capture of time of a hole in the e state, leading to a small increase in the probability to detect
a subsequent X . The lack of any bunching features on the X ∗-X correlation shows that there is no
significant coupling between the states. The slightly faster rise time for negative delay corresponds to
a faster capture time of multiple electrons and a hole from the ground state versus the capture time
of multiple holes after emission of a X ∗. The increased probability for detection of a X − following
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detection of an X ∗ corresponds to a fast capture time of a hole from a double electron state. Further
evidence to suggest X ∗ may originate from doubly-charged complex could also be seen from the
X X -X ∗ correlation, where there are no bunching features indicative of indirect cascades. In such a
model, there would be a small level of bunching present between the X X and an X X − state, relating
to the capture time of a single hole following emission of an X X −. Instead, there is a longer refill time
for the X ∗ following detection of an X X , and no increased probability for detection of an X ∗ prior to
the detection of an X X .
Figure 4.5: HBT cross correlations under 785-nm excitation. Cross-correlations taken between various
different transitions of the QD, focused mainly on the longer wavelength transitions and the X . Each correlation
was defined using the fitted electron and hole capture rates from the X autocorrelation, with assumed radiative
lifetimes τX X − = 0.5 ns and τX 2− = 1.2 ns.
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Finally, it is noted that this model, while able to describe some of the features observed, does not
hold a complete picture of the dynamics from this QD. While there is decent qualitative agreement,
some details involving the X X and X + emission are not captured, as evidenced by the X +-X correla-
tion. Some of the main features are still present, including the increased probability for detection of
an X after detection of an X +, as a result of the fast electron capture time. This serves to highlight the
rich dynamics involved in the emission of the QD when excited non-resonantly. Naturally, resonant
excitation schemes would not only reduce the complexity of the QD population, but also lead to
cleaner and more pure emission from the QD [68].
4.3.3 GHz-Clocked Single-Photon Emission
The development of a single-photon source compatible with state of the art QKD systems is critical for
the generation of high-speed, unconditionally secure key rates [24, 150]. It has the potential to yield
an advantage over commonly used weak coherent state sources and decoy state implementations [35]
of QKD when the operation of such a device becomes feasible [151]. In this section, the work towards
realising such a high-speed single-photon source in the telecom C-band will be introduced and
further characterised in terms of the single-photon level with respect to the operating frequency of
typical pulsed single-photons sources based on QDs [152, 153].
In order to characterise this source under high frequency excitation and demonstrate that the
single-photon nature persists, the flexible pulsed excitation scheme introduced in Section 3.3 was
used to excite the QD selected for the laser-QD interference (Section 5.4), entanglement (Chapter 6)
and the teleportation experiment (Chapter 7). As discussed, for these later measurements 1310 nm
excitation was used. The characterisation is summarised in Figure 4.6, where comparison of the time-
resolved intensity for a lower, typical excitation frequency of f = 100 MHz, and a higher f = 1 GHz
frequency is shown in Figure 4.6a. The lifetime measurements show typical behaviour for both the
X and the X X . For the X X , there is a sharp turn on corresponding to the rise time of the electrical
trigger and the fast population of the X X state, then similar relatively short radiative lifetimes of
272±2 ps and 262±6 ps at 100 MHz and 1 GHz, respectively. For the X , a slower rise time due to
the population filling effects is seen, along with a much longer radiative lifetime of 1.56±0.01 ns at
both repetition rates. This leads to well-separated pulses in the QD emission at 100 MHz, however,
for the GHz-excitation rate common for many QKD protocols [154, 155], the time period becomes
comparable to the radiative lifetime. Consequently, a significant reduction of the on-off contrast in
the emission of the X , to around 12%, is seen and a similar but reduced effect for the X X is seen,
going down to 69%.
It is reasonable to expect that this overlap of radiative decay cycles will affect the single-photon
nature of the emission under high frequency excitation. Looking at the intensity autocorrelations
of the X using a HBT setup with the correlator in histogram mode, as was utilised previously, the
expected pulse signature is found when driving at 100 MHz, as shown in Figure 4.6b, where the
finite intensity for the zero-delay pulse is mainly due to re-excitation effects. For excitation at 1 GHz,
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however, a strong CW emission signature is seen, including large bunching around the zero-delay
dip. When comparing the excitation at 100 MHz and 1 GHz, the single-photon purity is comparable.
The measured g (2)(0) values of 0.14± 0.01 and 0.09± 0.05 for excitation at 100 MHz and 1 GHz,
respectively, were determined by fits to the experimental data. In both cases, the g (2)(0) is far below
the 0.5 threshold required to prove predominantly single-photon emission, thus confirming that the
single-photon nature is preserved under high frequency excitation. The model for the 100-MHz data
includes the effects from both a shelving state (increased probability for time delays > |τ0|) and re-
excitation (a small volcano-like feature around the zero delay [156]). For the 1.07-GHz measurement,
a standard three-level CW model with background correction was sufficient to describe the data [157].
In order to fully characterise the emission dynamics for the X at 1 GHz, it is interesting to consider
how the correlation looks for each excitation cycle, given the relatively long radiative lifetime. To
recover the pulsed signature of the single-photon emission, the arrival times of both X photons in
the HBT setup are measured with respect to the laser excitation clock in a TTTR mode correlation.
The result of this measurement can be seen in Figure 4.6c. Along the diagonal, corresponding
to zero-delay coincidences of both X detectors, there is an absence of photons within the same
0.935×0.935 ns square, determined by the 1.07-GHz repetition rate. An increase in the normalised
coincidences is seen for the excitation cycles immediately preceding, and following, the zero-delay
cycle, corresponding to the bunching seen in the histogram measurement in Figure 4.6b. In a
histogram correlation, the correlator effectively sums all events along the τ1 = τ2 line, corresponding
to simultaneous detection times. The dotted data points in Figure 4.6d show the effect of performing
such a summation on the TTTR data in Figure 4.6c. As can be seen, the observed CW-like signature is
reconstructed fully, and serves to highlight that this is purely an artifact of this type of measurement.
The added benefit is, of course, the extra information gained on the pulsed nature of the emission.
By performing a pulse-wise summation of the coincidences, a g (2)(0) = 0.33±0.01 for the zero-delay
pulse is determined. While this is naturally higher than the histogram mode measurement due to
the much larger integration window, it still clearly shows that there is a lack of multi-photon events
within one entire excitation and emission period. Naturally, it would be more desirable to have a
fully ‘on-demand’ single-photon source with such repetition rates and reduced multi-photon events
within the entire cycle. Such a source in itself could be useful for single-photon QKD [151, 158–
161], and could be realised through radiative lifetime enhancement through cavity coupling [130].
However, as shown in this section, despite non-resonant excitation and the long radiative lifetime of
this QD, it is still possible to generate single-photon emission clocked at 1 GHz from InAs/InP QD
sources emitting near the telecom C-band.
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Figure 4.6: GHz-clocked single photon emission. a Time-resolved intensity of the X and the X X emission
lines at a repetition frequency of 100 MHz (top) and 1.07 GHz (bottom). b Second-order intensity correlations
of the X for 100-MHz (top) and 1.07-GHz (bottom) excitation frequencies. The solid lines show fits to the data.
c Second-order correlation of each X photon, measured with respect to the excitation laser clock. The colour
bar denotes normalized coincidences. d Reconstructed histogram from the measurement in c, obtained by
summation over the τ1 = τ2 times for simultaneous detections, showing the observed CW-like signature in b.
Bars denote normalised coincidences calculated for each excitation period.
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4.4 Dephasing of Droplet Epitaxy Quantum Dots
An intrinsic problem in semiconductor QDs that limits their utility for interference-based experi-
ments is the pure dephasing from the interaction with the environment, resulting in emission of
photons away from the Fourier limit. A fluctuating charge environment in the vicinity of the QD is
seen as the main contribution towards this [116]. As previously mentioned, carriers are generated in
the bulk material and diffuse into the QD before recombination. However, imperfections and defects
in the crystal lattice can trap holes and electrons. These trapped charges will shift the emission energy
of the QD due to the quantum-confined Stark effect [116]. Fluctuation of this charge environment
leads to a time-varying modulation of the emission, that obeys a Gaussian random process behaviour








Figure 4.7: Spectral wandering in the emission of a QD. Nearby charge traps in the vicinity of the QD lead to
a time-varying shift in the emission energy through the quantum-confined Stark effect. Due to the random
nature of this process, the emission energy of the QD is weighted by a Gaussian frequency distribution.
An increase in the modulation of the emission can be caused by many factors, such as increasing
the excitation laser power to generate more carriers [116, 162] or by increasing the temperature
[163]. Creating more carriers in the continuum states causes increasing fluctuations in the charge
environment as new configurations are explored. This leads to a faster spectral modulation of the
emission line. A theory to model this in terms of the spectral fluctuation has been developed by [116],
and applied to various QD systems [162–164] with great success. A stochastic theory of relaxation
coupled to a fluctuating reservoir can be used to derive a form of the interference contrast decay
[116]
















whereΣ and τc are the emission modulation amplitude and correlation time (describing the timescale
to explore different charge configurations), respectively. The parameter Στc~ is used to discriminate
the level of dephasing in the system. This results either in an exponential with decay time T2 = ~2Σ2τc
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for Στc~ ≪ 1, the fast modulation limit, or a Gaussian with FWHM 2
p
2ln2Σ for Στc~ ≫ 1, the slow
modulation limit. One can model the transition from fast to slow modulation by varying a single
parameter Στc~ .
In this section, the dephasing mechanisms present in these DE QDs are probed through measure-
ment of the coherence time using a MI. As discussed in Section 3.4, measurement of the temporal
lineshape in this way can offer information about the dephasing mechanisms present. For fast (slow)
modulation timescales, the type of dephasing is considered to be a homogeneous (inhomogenous)
broadening of the natural linewidth of the emitter. In terms of FTS, it is simply modelled by a Gaus-
sian weighting of the Lorentzian frequency spectrum, resulting in a Voigt profile [125]. In the time
domain, this is simply calculated by the product of the individual Fourier-transforms, such that












where L̃(t ) and G̃(t ) are the Fourier-transforms of the Lorentzian and Gaussian emission spectrum,
respectively, and τL and τG refer to the characteristic Lorentzian and Gaussian decay times. The
level of spectral modulation, or inhomogeneous broadening, is thus characterised by the presence
of a Gaussian component in the decay of the interference contrast. Analogous to the above, Equa-
tion 4.4 results in an exponential decay with T2 = τL for τL << τG , a Gaussian decay with T2 = τGpπ for
τL >> τG , and a time-domain Voigt profile for τL ∼ τG , with the coherence time T2 calculated using
Equation 3.13.
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Figure 4.8: Interference contrast for increasing spectral wandering. For τL << τG , the decay profile is
exponential. As the Gaussian dephasing becomes stronger, the decay follows a time-domain Voigt profile
where τL ∼ τG before finally following a completely Gaussian decay for τG << τL .
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4.4.1 Excitation Power Dependence of the Coherence Time
The characterisation of the coherence time begins by considering the excitation power-induced
broadening of the ZPL. Particularly in non-resonant excitation schemes, the effect of increasing
excitation power is to increase the carrier density in the semiconductor material. This naturally
leads to an increasing interaction of the QD with the environment, which also introduces additional
dephasing, for example, through the Stark effect as discussed above. However, an increase in the
carrier density also results in higher PL intensity, which is beneficial in multi-photon experiments
since they scale well with detection count rate. Therefore, being able to determine optimal operating
conditions in terms of excitation power is an important first step towards TPI measurements.
This section presents an excitation power-dependent study of the coherence times of a QD that
was found to display suitable brightness for two-photon measurements, with detected photon count
rates of ∼ 300 kcounts/s under above-band excitation at saturation. Figure 4.9a displays the results
of this, where the coherence time of the X (blue) and the integrated intensity (purple) is plotted
as a function of the excitation laser power. At the X saturation power, where the emission is the
brightest, the coherence time is determined to be T2 = 299±9 ps, which is more than sufficient to
demonstrate post-selected interference with the detectors used here. Indeed, when comparing to
the lifetime (shown in Figure 3.6 for this QD) of T1 = 1.77±0.01 ns, the ratio T2/2T1 = 0.085±0.003 is
determined. This value demonstrates an unprecedented level of coherence in such QDs emitting in
the telecom C-band, being a factor of four larger than GaAs-based counterparts for similar excitation
powers [165]. This poses a question of whether the InP-based system results in a reduction of the pure
dephasing due to the different growth techniques for achieving emission in the C-band, or whether
the investigated diode structure here was beneficial for producing a calmer charge environment for
the QDs, despite the fact that the measurements here were conducted under an electrically open
configuration. Such an investigation was outside of the scope of this thesis, but would be interesting
in order to determine optimal structures for telecom C-band quantum light sources.
For low excitation powers, the coherence time increases, as expected, up to a remarkable T2 =
1058±134 ps for 0.03PSat, corresponding to T2/2T1 = 0.298±0.038. While the intensity here is only
∼ 10% of the saturation value, this demonstrates a potential for photonic engineering of the structure
in order to improve extraction efficiency enabling the use of lower excitation powers, as well as, again,
the potential of resonant excitation schemes in order to obtain photons much closer to the transform
limit [166]. It is surprising that the emission remains reasonably coherent up to saturation given the
excitation scheme, where a high level of dephasing is expected. This could be the result of the growth
scheme used here, since QDs grown by DE nominally form without a wetting layer [90]. The wetting
layer typically seen in the SK growth of QDs is essentially a charge reservoir for carriers to relax into
the QD; therefore, removal or reduction of such a layer could potentially reduce the charge noise.
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Figure 4.9: Excitation power-dependent coherence time. a Excitation power dependence of the coherence
time (blue) and of the normalised integrated intensity (purple), for a QD optically excited at T = 8 K. Shaded
areas denote error on the fitted coherence time. b (Left) Visibility decay using an extended ODL when exciting
at PSat, displaying a largely exponential decay. (Right) Corresponding measurement for the low excitation
power of 0.03PSat, displaying a largely Gaussian decay.
The power dependence in Figure 4.9a was measured using an ODL with a limited delay range
in terms of the measured coherence times, as shown in Figure 4.10, and additionally revealed
Lorentzian lineshapes for all powers. This is surprising, as it suggests homogeneous broadening was
the dominant source of dephasing even for low powers, where a much calmer environment leading to
slow modulation timescales is expected. Later, a longer ODL was implemented into the MI in order to
more accurately determine the coherence time, given the unexpected long decay times. This ODL was
used to verify the previous measurement, and the results for two example powers, PSat and 0.03PSat,
are shown in the left and right panels of Figure 4.9b, respectively. When exciting at PSat, the fitted
lineshape remained Lorentzian with T2 = 309±16 ps, agreeing well with the previous measurement
within the experimental error. However, when exciting at 0.03PSat, the longer accessible delays
revealed instead a Gaussian decay with T2 = 986±19 ps, indicating that for low excitation power,
the inhomogeneous broadening in fact becomes the limiting source of dephasing. Again, the value
determined here agrees well within the experimental error to the previous measurement. It is also
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possible to fit this visibility decay with a time-domain Voigt profile, in order to evaluate estimates of
the Lorentzian and Gaussian decay times. The fitted curve (not shown) is largely similar to the fitted
curve for the Gaussian decay, and indeed reveals τL = 2318±509 ps and τG = 1274±95 ps resulting
in a T2 = 927±171 ps, where, again, the fitted coherence time is within error of that determined in
the previous measurement. Such long Lorentzian decay times are promising when considering the
potential resonant excitation schemes, which reduce the effect of charge noise in the vicinity of the
QD [117].
The observation under non-resonant excitation of relatively long coherence times persisting up
to the maximum brightness of the X , with respect to both the detector resolution (∼ 90−120 ps)
and the emitter lifetime, demonstrated that this source was viable for performing TPI under CW
excitation. Therefore, the QD used here will be subsequently used for performing HOM interference,
discussed in the next chapter.
4.4.2 Temperature Dependence of the Coherence Time
In addition to increasing excitation power, temperature also plays a role in the dynamics of the QD
emission. As mentioned in Section 4.2.2, a high operating temperature could be beneficial for certain
applications and so it is interesting to determine whether coherent emission persists for elevated
temperatures. The coherence time of the ZPL can easily be determined by integration over the region
excluding the phonon sidebands in the MI measurement. Figure 4.10a displays the visibility decay
for the QD shown in Section 4.2.2, at a temperature of T = 8 K for an excitation power PSat, for the
two major transitions X and X −. Fits to the experimental data, as shown by the solid line, reveal a
Lorentzian profile for the X and a corresponding coherence time of T2 = 430±13 ps. The X − displays
a Voigt profile with Lorentzian and Gaussian decay times τL = 604±31 and τG = 564±26, respectively,
corresponding to a coherence time of T2 = 340±18 ps.
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Figure 4.10: Temperature dependent coherence time. a Visibility decay at T = 8 K for an excitation power
PSat for the X and X −. Solid lines are fits to the experimental data. b Temperature dependence of the coherence
times when exciting at PSat. A rapid decay of the coherence time for increasing temperature is observed.
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A temperature dependence of the coherence time for this QD is shown in Figure 4.10b, where a
rapid decay with increasing temperature for both transitions is observed, as expected from the onset
of phonon-induced broadening. The decay profiles remain exponential for all temperatures up to
T = 50 K for the X , which supports the fast relaxation timescale of the phonon-induced broadening
being the main source of dephasing for high temperatures. Above T = 50 K, the coherence time
becomes largely saturated to ∼ 25 ps; and due to the fast decay, it is difficult to accurately determine
the exact lineshape. For the X −, the Voigt profile rapidly reduces to an exponential decay at around
T = 20 K, indicating again that the homogeneous broadening from carrier-phonon interactions
becomes the main source of dephasing.
Furthermore, as the temperature approaches the turn on for EL at = 45 K, the coherence times
measured using EL (not shown) agree well with those shown here for above-band optical excitation.
As T2 = 30±1 ps at this temperature is much shorter than the resolution of the detectors used here,
electrical operation of this source for the demanding experiments discussed in Chapters 5 and 7 is
infeasible. Therefore, as the main focus of the work here is to demonstrate primarily interference-
based applications of this new InAs/InP telecom C-band source, the low temperature regime where
the most coherent emission is observed will be the operating temperature for the remainder of the
experiments considered.
4.4.3 Comparison to Stranski-Krastanow Quantum Dots
In the last step of characterising the coherence in the emission of the DE-grown QDs used here, it
is interesting to make a comparison to similar QDs grown by the more conventional method; SK.
As DE QDs are formed with only a ‘quasi’ wetting-layer [90], as mentioned above, it is hypothesised
that this could lead to a reduced charge reservoir near the QDs [140]. It is also hypothesised that the
more symmetric growth of DE QDs leading to altered strain environments and less strain-related
charge defect sites, which are both potential sources of noise, could also act to improve the coherence
of the emitted photons. In order to determine the relevant impact of these differences, statistics
on coherence times from both types of QDs were gathered and compared in terms of the absolute
values, relevant for the CW interference considered in Chapter 5, as well as in terms of the transform
limit, relevant for a more general metric of the coherence. The measured temporal lineshape is also
considered, in order to provide insight as to the main sources of dephasing in each system.
The comparison begins by considering the statistics of the radiative lifetimes in each system. A
survey of QD lifetimes was recorded by Toshiba Research Laboratory colleague Dr. Tina Müller and a
summary of the data extracted by the preceding analysis is shown in Table 4.1. The data was analysed
by fitting exponential decay curves to the X and X −, and bi-exponential decay curves to the X X ,
where the fast decay was taken to be the radiative lifetime. The absence of a second slower decay
for the X is in contrast to the measurement in Figure 3.6, which suggested the presence of a dark
non-radiative state [167]. However, the average lifetime measured was consistent. Indeed, for the
measurements recorded here, a repetition rate of 80 MHz was used, which is faster than the 40 MHz
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rate used previously. Given the slow additional timescale and weak effect, the requirement of only a
single exponential to describe the data is likely a result of this. The presence of an additional decay
time in the X X is surprising due to the absence of a fine structure in the X X energy level, which in
the X case can lead to coupling to the dark X states via spin relaxation. Since the fast timescale here
is consistent with the QD measured in Section 4.3.3 (where a single exponential was used to describe
the decay under 1310-nm excitation), the longer component could potentially be due to spectral
pollution adding additional timescales to the time-resolved intensity [167]. In all cases, the initial
period was excluded from the fits in order to remove the soft rise time due to filling effects from the
non-resonant excitation scheme and multi-excitonic relaxation [168], where it was noted that such
effects were particularly pronounced in the SK sample.
DE QDs SK QDs
Mean [ns] σ [ns] Mean [ns] σ [ns]
τX 2.00 0.26 1.63 0.3
τX − 1.61 0.24 * *
τX X 0.33 0.05 0.58 *
τX ∗ * * 1.61 0.48
Table 4.1: Average radiative lifetime of DE and SK QDs.
For the DE system, it was possible to reliably determine mean values for the X , X − and X X due to the
repeating spectral signature discussed in Section 4.2. For the SK system, it was possible to determine
X and some X ∗ by a combination of power-dependent and polarisation-dependent spectroscopy.
On the whole, the emission of a X X transition with sufficient signal to resolve energy correlation was
not seen, and is therefore neglected for the following discussion. In both cases, the mean X lifetime is
comparable to other InP-based QDs emitting at 1.55 µm [132, 131], while the DE is somewhat longer
in comparison to the SK. The radiative lifetimes are longer than the shorter wavelength GaAs-based
QDs, despite being roughly similar in size [90]. This is due to the fact that recombination depends on
the frequency dispersion of the photonic density of states [125], in addition to potential non-radiative
decay channels. The large difference between the X and the X X decay times for the DE system, on
average τX /τX X ≈ 6, is much larger than the theoretical ratio of τX /τX X = 2 by considering the case
of ideal decay channels of the X X and the X , and even larger than the limit of τX /τX X = 4 in the
strong confinement regime [169]. This, in turn, suggest the presence of coupling to dark states, where
the exciton instead decays via spin relaxation, therefore increasing the average lifetime observed
experimentally [136]. It could also explain the relatively high probability for exciting the X X , seen by
the super-linear dependence of the intensity on the excitation power (as opposed to the quadratic
dependence expected), due to the fact that there is an increased time spent after relaxation of the
X X before the following emission of an X . Therefore, only the capture of another electron-hole pair
is required. While there is currently no explanation for such a large difference, it is possible to have
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asymmetric Purcell enhancements, which have been shown to selectively enhance transitions more
into the resonance, even for weak planar cavities [170]. The quality factor (defined by Q =ωc /∆ω
whereωc and∆ω correspond to the central cavity frequency and the width of the cavity resonance) of
the weak planar cavity in [170] was in fact much larger than in the sample studied here (Q ∼ 50 [90]).
This allowed for selective tuning due to the narrower cavity resonance in addition achieving some
Purcell enhancement. However, since here the observed effect also persists for QDs not on the
edge of the cavity mode, this is unlikely to be a possible cause. Interestingly, it has recently been
proposed that such a large asymmetry in the X X and X radiative lifetimes leads to an increase
in the TPI visibility under resonant excitation of the cascaded system [171], due to the effective
reduction and the timing jitter in the X emission from a faster X X decay. However, as mentioned
previously, the proposal here considered the integrated zero-delay pulse of a resonant two-photon
excitation of the X X , which differs from the non-resonant and post-selection considered in Chapter 5.
Furthermore, such a large difference in the decay times has also been proposed for the creation of
time-bin entangled photons pairs using, again, a resonant preparation of the X X state, this time
through population from the metastable dark X state [172].
With the average lifetime dynamics for each system determined, it is now possible to consider
the average coherence time and proximity to the transform limit. In order to do this, statistics of
the coherence time of 18 QDs in the DE sample and 14 QDs in the SK sample were measured. To
maintain consistency, each QD was excited at the X saturation power PSat. The X was determined as
in Section 4.2, using power and polarisation-dependent measurements. Figure 4.11a (b) displays
a histogram of the results of this for the X (X −/X ∗) for each system, where similar mean values (µ)
and standard deviations (σ) are seen between the neutral and charged lines, with the charged lines
being slightly higher in both cases. The mean values of the DE sample are ∼ 3 times larger than
the SK sample. More importantly, the average value µ = 45 ps of the X is far below the detection
resolution, and would significantly impact the measurable TPI in SK QDs under CW excitation. While
it is possible to find QDs approaching the required threshold here,σ= 27 ps shows that this is unlikely
in the majority of QDs in the sample (2%), making it realistically infeasible. Even for the charged lines,
the probability to find such a QD is still only 15%. On the contrary, µ= 150 ps andσ= 71 ps for the DE
X shows that it is routinely possible to find QDs meeting the detection resolution criteria, with 75%
being above 100 ps, increasing to 86% for the X −. While such comparisons of the raw coherence time
were necessary for the practical considerations of measuring TPI under CW excitation, the difference
in radiative lifetimes needs to be taken into account in order to access the difference in the pure
dephasing of each system.
The mean lifetime and mean coherence time allows for a fairer comparison of the coherence in
each system to be made using the transform limit to determine the relative levels of dephasing. A
summary of this can be seen in Table 4.2, which also includes the X X of the DE system, alongside
the top of the axes in Figures 4.11a and b. From the table, it is clear that despite the shorter lifetime of
the SK QDs, the much shorter coherence time results in the DE system being a factor of 2.7 closer
to the transform limit. For the charged lines, this increases up to a factor of 3.8 of DE compared
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to SK, and is even a factor of 1.9 larger than the DE X . Furthermore, from Table 4.2, it is apparent
the the X X in the DE system offers the largest coherence in its emission, which can be seen from
the reduced interaction from the charge environment due to the relatively short lifetime. However,
the raw coherence, times together with the much lower intensity, meant that using the X X for two
and three-photon experiments would have been realistically infeasible due to the much longer
acquisition times and lower SNR.
Figure 4.11: Coherence time statistics of SK and DE QDs. a Histogram of the coherence times of the X for
both SK and DE QDs, excited non-resonantly at PSat. b Same as a but the for the X − (X ∗) of the DE (SK) QDs. c
Histogram of the fitted lineshapes in each system. d Histogram of the average Lorentzian and Gaussian decay
times when considering the Voigt profile fits for the X .
As previously discussed, the characteristic timescale of the dephasing processes determine the
resulting shape of the decay. For fast processes, typically associated with phonon interactions or
electronic coupling to a charge bath, the decay is expected to be exponential. However, for slower
processes, typically associated with spectral wandering due to nearby charge trap close to the QD, a
Gaussian decay is expected. When these processes have comparable timescales, a Voigt profile with
Lorentzian and Gaussian components is expected. For further insight into the physical dephasing
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mechanisms present in each system, a comparison of the fitted decay profile is made in Figure 4.11c.
For both the neutral and charged lines, a similar pattern is observed between the SK and DE systems,
where the majority of DE transitions follow a Voigt decay profile. The SK QDs, however, exhibit
almost entirely exponential decays. In both cases, a small number of Gaussian decays are observed
consistent with a large energy modulation from a nearby impurity site [173]. This suggests that
the dephasing in the SK sample is almost entirely in the fast-modulation limit. By considering the
time-domain Voigt profiles of the X , the Lorentzian and Gaussian components can be extracted in
order to compare the relative timescales of the fast processes. Figure 4.11d shows histograms of the
result. The determined mean τ̄L = 206 ps shows that fast dephasing processes are ∼ 5 times weaker
for DE QDs. Consequently, this allows the presence of a slow Gaussian component to be resolved,
with a mean of τ̄G = 450 ps. Due to the low temperature and non-resonant excitation scheme, charge
noise is suspected to be the main source of dephasing in each system [117]. This suggests that
the wetting layer present in the SK QDs could in fact be the source of the much faster relaxation.
Therefore, the calmer environment of the DE QDs leads to much slower processes, which results in
an overall reduction in pure dephasing for the DE QDs. Together with the previously demonstrated
lower average FSS [88, 90], this makes DE QDs a much more feasible and desirable source for future
entanglement and interference-based quantum information applications.
DE QDs SK QDs
Mean [ps] σ[ps] Mean [ps] σ [ps]
T2/2T1 X 0.038 0.018 0.014 0.008
T2/2T1 C X 0.0730 0.039 0.019 0.012
T2/2T1 X X 0.159 0.048 * *
Table 4.2: Average Fourier-transform limit of DE and SK QDs.
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4.5 Summary
In this chapter, the basic spectral and time-resolved characterisation of DE QDs emitting in the
telecom C-band was performed. Such characterisation is vital in order to determine the suitability
for use in quantum interference-based applications, in addition to determining the set of optimal
parameters for such measurements. Using spectral analysis, several of the charge complexes could
be determined in the QD emission signatures, which, in turn, displayed very consistent behaviour
across the sample. It was further found that the main transitions displayed highly non-classical
photon statistics under both non-resonant CW and 1-GHz pulsed excitation, with strong evidence of
multi-level dynamics, probably resulting from the excitation scheme used.
A subsequent analysis of the coherence in the emission revealed unprecedented coherence times
for the DE QDs, comparable to state of the art GaAs-based systems under comparable excitation
conditions. A strong limit was found on the coherence for elevated temperatures where non-resonant
electrical excitation would be possible. Development of the sample structure to enable lower oper-
ating temperature under electrical excitation in order to access the longer coherence times could
be one potential avenue for future work, towards the development of remote systems where experi-
mental complexity is undesirable. This avenue could also consider the use of recently demonstrated
‘on-chip’ pumping schemes [134, 174], where carriers excited into the quantum well surrounding the
QD recombine to quasi-resonantly excite QDs in a nearby mesa. Such structures have enabled fully
electrically tunable and excited emission of a QD source in the telecom O-band [134]. The opposite
direction, that is to work towards resonant excitation schemes, would also be an interesting area for
future work. In this regime, not only is the single-photon purity greatly enhanced, but also the pure
dephasing is reduced significantly, such that transform-limited emission is possible [166, 175]. This
would enable highly indistinguishable and pure telecom C-band single photons, a suitable candidate




In this chapter, the HOM-type interference of a single-photon source in the telecom C-band will
be considered in order to quantify the degree of indistinguishability between subsequently emitted
photons. An extension of the model for interfering wave packets will be made to consider the case
of interference of unpolarised doublets, as this is an important consideration when using such
imperfect QDs (non-zero FSS) for teleportation experiments. Finally, a more ‘real-world’ scenario
will be considered; namely, the interference of photons with different photon statistics. This final
experiment will form the basis of the desired quantum relay, detailed in Chapter 7.
5.1 Introduction
As discussed in Section 2.1.3, two-photon interference between single photons is a fundamental
element in many quantum information processing and communication applications. It is therefore
not surprising that much work has gone into interfering photons using various sources since the
first demonstration of HOM interference [56]. Such demonstrations have included; interference of
photons emitted from separate atoms [178], remotely trapped ions [179] and molecules [180], as
well as interference of spatially-separated sources at telecommunications wavelengths using SPDC
sources [181]. Recent demonstrations have further shown interference with sources emitting at
even longer wavelengths, in the mid-infrared region (∼ 2 µm) [182], where it has been suggested
such sources offer an alternative route forward in both free-space QKD, as well as on-chip quantum
information processing [183].
Semiconductor QDs have also been shown to be promising candidates since the first demon-
strations of HOM interference [63, 184], where work in this field has continued with great success
demonstrating high indistinguishability for single-photon [39, 185, 175, 186, 187] and entangled
pair-photon sources [72, 188–190]. While many of these schemes utilise QD sources emitting below
1 µm, there has also been recent success in demonstrating HOM interference at telecommunications
wavelengths using QD sources, both by the frequency conversion of short wavelength QDs using
non-linear processes [191], and also by QDs emitting natively at these wavelengths [84, 165, 192].
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In the standard HOM-type interference of photon pulses, the interference visibility, vHOM, is





such that perfect visibility will be seen for Fourier limited photons, i.e. the photons are phase coherent
with those emitted at any time during the pulse and can interfere perfectly. The act of dephasing is to
make the photons emitted at separate times distinguishable, therefore reducing this value.
However, it is possible to post-select photons for non-Fourier limited pulses interfering on
timescales shorter than T2 [164], in addition to CW sources used primarily in this work, in order
to filter out the events where the photons were indistinguishable. This is not necessarily such a
problem for certain applications. For example, when considering a typical quantum key distribution
protocol, photon detection events are gated with a certain frequency and a certain width, in order to
reduce the noise from detecting dark counts outside of the expected signal region [194]. However,
this naturally comes at the cost of significantly reducing the effective brightness of slow sources[195]
as now only a small fraction of the photons are considered for short timescales and the photons
arriving outside of the gate are rejected. In order to mitigate this, it is desirable to have long T2
times such that the gate width can be chosen to be long enough to optimise the signal against the
dark counts, enabling subsequent quantum information processing. In this regime, the important
consideration is then maximising the number of post-selected photons interfering within a given gate
width which is determined by the detector resolution, as in addition to losing photons, the contrast
of the interference is lowered. This is something which is particularly important when utilising TPI to
perform quantum teleportation, as described in Chapter 7.
Consequently, for the following work, the constraint of maximising Equation 5.1 then relaxes
to instead maximising T2 with respect to the detector resolution ∆τdet [164], such that the high
visibility interference events can be detected on short timescales. Indeed, as shown in Chapter 4, the
coherence times of a majority of the QDs in this sample fulfil this criterion and thus we expect to see
high contrast TPI.
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5.2 Modelling Two-Photon Interference
In order to understand precisely the processes occurring during TPI with our source, an extension
to the concepts of TPI introduced in Section 2.1.3 for photons incident on a balanced beamsplitter
will be made using the standard wave packet analysis developed by Legero et al. [121, 196], and
later extended by Patel et al. [197]. This theory will allow for the description of more realistic
photon sources by introducing considerations for the deviations away from perfectly ideal and
indistinguishable photons, such as the mismatch of frequency or arrival time at the beamsplitter. As
such, it can be used to describe a CW source of QD photons interfering at a balanced beamsplitter.
Figure 5.1 describes this scenario, where two single QD photon wave packets are incident on ports 1










Figure 5.1: Hong-Ou-Mandel interference of real single-photon wave packets. Single photons incident at
each input port of a balanced beamsplitter result in a coalescence on either output port. Detection in a
‘start’-‘stop’ configuration reveals a dip in the probability resulting from the interfering wave packets.
By considering the transformation given by Equation 2.12 on the electric field operatorsÊ+1 (t ) = ξ1(t )â1,Ê+2 (t ) = ξ2(t )â2, (5.2)
where ξi (t ) denote the temporal mode functions as before, evaluation of the output operators allows
the joint probability of detecting photons in output mode 3 at time t and mode 4 at time t +τ, based
on the condition of a single photon on each input, to be determined as
P ||joint(t , t +τ,∆τ) = |〈1112| Ê−3 (t )Ê−4 (t +τ)Ê+4 (t +τ)Ê+3 (t ) |1112〉 |2
= 1
4
|ξ1(t +τ−∆τ)ξ2(t )−ξ1(t −∆τ)ξ2(t +τ)|2,
(5.3)
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for indistinguishable photons, where the timescale ∆τ has been introduced here to account for the
difference in arrival time at the beamsplitter between the first and the second photon, due to the CW
excitation scheme where emission of photons occurs at random times. For distinguishable photons,
the joint probability is similarly determined as
P⊥joint(t , t +τ,∆τ) = |〈1112| Ê−3 (t )Ê−4 (t +τ)Ê+4 (t +τ)Ê+3 (t ) |1112〉 |2
= 1
4
|ξ1(t +τ−∆τ)ξ2(t )|2 +|ξ1(t −∆τ)ξ2(t +τ)|2.
(5.4)
The mode functions ξ j (t) of the QDs are determined straightforwardly from the temporal wave
packet given by the Fourier-transform of the emission spectrum, as detailed in Equation 3.8. For the
case of a single Lorentzian, the normalised mode function is a one-sided exponential





e−t/T2, j−i (ω̄−∆ω/2)t , t ≥ 0
0, otherwise
(5.5)





e−t/T2,i−i (ω̄+∆ω/2)t , t ≥ 0
0, otherwise
(5.6)
where ∆ω=ωi −ω j and ω̄ is the average frequency. Integration of Equation 5.3 over times t and ∆τ
results in the probability based on the relative detection times τ of the photons, averaged over all





















whereupon setting T2, j = T2,i = T2 and ∆ω = 0 for interference of photons from the same emitter





Again, the importance of the coherence time T2 which defines width of the resulting dip in co-
incidence probability is noted. So far, this model only takes into account the homogeneously-
broadened Lorentzian lineshape, characterised by the exponential wave packet. To account for the
inhomogeneously-broadened component, the probability P ||joint(t , t +τ,∆τ,∆ω) can additionally be
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such that now the joint probability is described by
P ||joint(t , t +τ,∆τ,δω) =
∫ ∞
−∞
G(δω)P ||joint(t , t +τ,∆τ,∆ω+δω)dδω. (5.10)







where now τL has replaced T2 as the Lorentzian component of the coherence time and τG =
p
π/σ
is the Gaussian component, representing the homogeneous and inhomogeneous contributions,
respectively.
In the experiment discussed below, the measurement of co- and cross-polarised g (2)(τ) will be
used to access the visibility of interference, which depends on the probability PHOM(τ). For the
cross-polarised case, the measured correlation is






g (2)(τ+∆τ)+ g (2)(τ−∆τ)) , (5.12)
where ∆τ is the delay between photons determined by the interferometer. The first term describes
the single-photon nature of the emitter and the resulting probability of emitting multiple photons
that simultaneously travel down the same arm of the interferometer. The second and third terms
account for the probability of emitting multiple photons which travel down different arms of the
interferometer. For the co-polarised case, the above equation is modified by the probability PHOM(τ)
to give






g (2)(τ+∆τ)+ g (2)(τ−∆τ))(1−e−2|τ|/T2−πτ2/2τ2G ) , (5.13)
where only the terms referring to the presence of two photons in the interferometer are modified.






5.3 Indistinguishable Photons from the Neutral Exciton
In Section 3.4, the single-photon interference of the neutral X was described by considering the
Fourier transform of a double Lorentzian emission spectrum, resulting in a beating of the single-
photon wave packet, as determined by the first-order coherence function g (1)(τ). While a quantum
mechanical description based on creation and annihilation operators was used to describe the wave
packet, the same result could be obtained by considering a purely classical scenario and would not
require the consideration of the single-photon nature of the emission.
Here, an extension of this concept to the case of two-photon interference will be considered. The
system can be modelled analogously to that described in the previous section, with now the temporal
mode function describing the superposition X state defined from g (1)(τ) as




2 i (∆ω+2ω0)τ (m −e i∆ωτ (m −1)) , t ≥ 0
0, otherwise
(5.15)
where ∆ω is the frequency splitting corresponding to the FSS, m is the relative intensity of the
Lorentzian doublet as before and A is a normalisation constant such that
∫ ∞
−∞ |ξ j (t )|2dt = 1. Progress-
ing through the same steps as previously results in tedious algebra, but can be evaluated analytically
with lengthy expressions.
To demonstrate the effect of the double Lorentzian shape of the single-photons at each input port
of the beamsplitter, a comparison of the expected correlations for co- and cross-polarised photons,
as well as the visibility, is made to the case where each port receives a single Lorentzian photon with
a frequency mismatch. Figure 5.2 shows the simulated correlations (top) and visibility (bottom)
for the cases of interfering frequency mismatched single-Lorentzian emitters (left) and perfectly
unpolarised (m = 0.5) double-Lorentzian emitters with a FSS and equal central frequency (right).
As can be seen, the form of the visibility still has the expected beating behaviour resulting from the
different frequency components, however, the shape is different to the case of separate photons with
a frequency mismatch, as a result of the difference in the temporal mode functions.
5.3 Indistinguishable Photons from the Neutral Exciton 73





















- 3 - 2 - 1 0 1 2 3
- 0 . 4






















































T i m e  d e l a y  [ n s ]
Figure 5.2: Simulated correlations for the HOM interference of single-photons. (Top) Simulated corre-
lations for co- and cross-polarisations for the cases of single Lorentzian wave packets with mismatched
frequency ∆ω= 4 GHz (left) or double Lorentzian wave packets with the same frequency difference (right).
(Bottom) Corresponding interference visibility for the correlations in the top row.
5.3.1 Experimental Setup
In order to determine the visibility of interference, an all-fibre HOM-style interferometer was con-
structed. Figure 5.3 shows a schematic of the experimental implementation. Photons from the X
transmission grating were coupled to a 50:50 beamsplitter. Each arm was then sent through an
electronic polarisation controller (EPC), used to align the polarisation bases. In one arm, there was
an additional fibre delay set to be longer than the radiative lifetime of the X , such that photons from
different excitation cycles were then incident on the subsequent interfering beamsplitter. In addition
to the fibre delay, an optical switch (OS) was placed in one arm for calibration. On one output mode
of the interfering beamsplitter, a further 99:1 splitter was used to direct 1% of the light towards a
polarising beamsplitter (PBS), used for calibration of the EPCs. In order to calibrate the polarisation
bases of the detectors, and thus the polarisation of the photons interfering at the beamsplitter, a
polarised reference laser was sent through the setup. First, the optical switch was used to switch out
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one arm of the interferometer. A minimisation routine was then used to adjust the voltages of the
EPC for the light in the remaining arm, in order to minimise the count rate of one of the detectors.
This then defined the cross-polarised detection. Minimisation was then performed for the opposite
detector, in order to define the co-polarised base. At this point, the optical switch was used to insert
the second arm back in, before the minimisation of the same detector in order to align the second
EPC to the co-polarised detection. The measurement was then performed by recording second-order












Figure 5.3: Experimental setup of the two-photon interference with a delayed single photon. Photons are
split by a 50:50 coupler where then a delay in one arm allows interference with a subsequently-emitted photon
at a second 50:50 coupler. A 99:1 coupler is used in order to separate some light for polarisation calibration
using a reference laser. EPCs are used to control the polarisation of each arm of the interferometer.
5.3.2 Results
In the experiment presented in this section, the QD from the coherence time power-dependent
study in Section 4.4 was used. However, in order to increase the intensity for these two-photon
measurements, 1310 nm excitation was used, as discussed in Section 3.1.1. The QD emission under
this type of excitation will first be characterised before proceeding with the TPI results. Figure 5.3.2a
shows the power dependence of the emission from the most significant lines in the spectra. Fits to
the data (solid lines) reveal gradients of M ∼ 1 for all transitions, including the X X . This is surprising,
and suggests that the excitation is not limited by the probability of capturing one electron-hole pair,
as seen for excitation at 785 nm. Given that the X − remains largely dominant in intensity, and that
there is an overall shift of the emission towards the neutral lines, this behaviour could be the result of
a limited hole capture rate.
Figure 5.3.2b shows some corresponding power-dependent coherence times measured for this
QD under 1310 nm excitation. The points in black have been determined from fits to the normal
exponential beating function, introduced in Section 3.4. As can be seen, the high-power values
correspond to those shown in Figure 4.9 under 785 nm excitation, especially at the X saturation
power where T2 = 319±6 ps. However, upon decreasing the power, the coherence time does not
increase to the same extent, and seemingly becomes limited to ∼ 500 ps. Given the below-band
nature of the excitation, this is surprising as it is expected to reduce the broadening resulting from
the carrier capture and relaxation processes. In order to examine this further, fits were made using a
beating time-domain Voigt function. Values for the extracted Lorentzian and Gaussian components
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are displayed in Figure 5.3.2b for the powers where the fitting routine was able to converge. For the
saturation power, the coherence time is largely defined by a Lorentzian component of 445±68 ps
and Gaussian component of 606±106 ps. For the lower power measurements, the Lorentzian time
increases significantly as expected (albeit with large error as a result of the difficulty of fitting the
lineshape); however, the Gaussian component becomes faster and is the limiting component in the
coherence time. This suggests that the inhomogeneous broadening for this QD under below-band
excitation is in fact worse than under above-band excitation. This could potentially be the result of a
charge screening process whereby charge traps in the vicinity of the QD are saturated under 785 nm
due to the abundance of carriers [162, 195].
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Figure 5.4: Emission intensity and coherence times for 1310 nm excitation. a Integrated intensity as a
function of excitation power, relative to the X saturation power. Solid lines display fits to a saturation function,
with all major lines fitting with a gradient of M ∼ 1. b Coherence times for the same power range. Where
possible, fits of the Lorentzian and Gaussian components of the Voigt profile are also shown. The coherence
times near Psat are similar to those measured under excitation with 785 nm light; however, for decreasing
power, the coherence becomes limited by a significant Gaussian contribution.
Figure 5.5 shows the corresponding X HBT measurements for this QD under excitation with 1310 nm
at PSat (a) and PSat /5 (b). In both cases, the correlations show a much stronger bunching following
the anti-bunching dip for short time delays |τ| > 0, when compared to the respective measurements
under excitation with 785-nm light. The width of the dip is also much narrower at PSat , corresponding
to a faster excitation rate of the X . For lower power, the bunching time increases significantly,
indicating a slower excitation and longer decay time of the intermediate shelving state. The data
can be described again using the 10-level rate equation model introduced in Section 4.3, with the
additional decoupling of the higher order negatively charged X X − and X −2 states carried out by
setting the respective radiative decay times to be much faster than any other timescale. Additionally,
an electron-hole pair capture time is introduced, to account for the change of excitation. This results
in excellent fits to the experimental data, as shown by the solid lines in Figure 5.5. For excitation
at PSat , the fitted electron, hole and exciton capture times are 0.99± 0.01 ns, 1.50± 0.01 ns and
2.27±0.06 ns, respectively. The difference of the electron and hole capture times again highlights the
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increased likelihood of capturing an electron, resulting in the large dominance of the X − emission.
The longer capture time of the electron-hole pair suggests that with this excitation scheme, the
emission of the neutral lines are limited by the capture of holes. For the lower power measurement,
the fitted electron, hole and exciton capture times are 3.96±0.03 ns, 6.58±0.04 ns and 6.78±0.09 ns,
respectively. An even larger difference in the electron and hole capture times suggest further that in
the low power regime, holes capture is limited leading to a long bunching time, corresponding to the
time spent in the electron state after emission of an X − photon. The fitted background contributions
are β= 0.020±0.007 and β= 0.017±0.005 corresponding to a deconvolved g (2)(0) = 0.04±0.01 and
g (2)(0) = 0.03±0.01 for the high and low powers, respectively, as shown by the dashed grey lines in
Figure 5.5.
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Figure 5.5: HBT autocorrelation under 1310 nm excitation. a High power excitation at PSat . A fit to the data
(solid line) reveals a raw (deconvolved) g (2)(0) = 0.17±0.01 (0.04±0.01). b Low power excitation at 0.2PSat . A
fit to the data (solid line) reveals a raw (deconvolved) g (2)(0) = 0.11±0.01 (0.03±0.01)
Having characterised emission from the QD under this type of excitation, the results of the TPI
will now be presented. For the case of excitation at PSat , the resulting correlations for co- and
cross-polarised photons arriving at the interfering beamsplitter with a delay of 6.25 ns are shown
in Figure 5.6a. As expected from the simulations shown in Figure 5.2, the correlation dip for the
cross-polarised case extends down towards 0.5, where in this case it is not limited by the detector
resolution, as shown by the deconvolution of the detector response in the dashed grey line. Instead,
it is limited mainly by the bunching of the delayed photons, given that the delay is close to the
bunching time. A fit to the data (solid lines) using Equation 5.12 with the same rate equation model
as for Figure 5.5a yields excellent agreement with the experimental data. The correlation dip for
the co-polarised case extends down towards 0 as expected, and is limited largely by the detector
response time, shown by the dashed grey lines. In addition to this, the correlation displays a small
oscillation resulting from the different frequency components of the X interfering. A fit to the data
using Equation 5.13, with the exception of PHOM calculated using the X doublet wave packet, reveals
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excellent agreement with the experimental data. The FSS =17 µeV and the polarisation m = 0.5
were fixed during the fit and τG = 608 ps the Gaussian component of the coherence time was also
fixed to the value determined from coherence time measurements. The free-fitting parameter was
τL = 540±41 ps, corresponding to the Lorentzian component of the coherence time. This time agrees
well with the Lorentzian timescale from the MI measurement at this power, and results in a coherence
time T2 = 334 ps of a time-domain Voigt profile.
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Figure 5.6: High power HOM interference. a Co- and cross-polarised correlations. Solid lines represent fits
to the data using parameters determined from the autocorrelation. b Corresponding interference visibility
displaying a maximum of 62.9±3.6%. Solid line fit is determined directly from the fits of the correlations.
Post-selection bin size is 32 ps.
Figure 5.6b shows the calculated interference visibility for the correlations shown in Figure 5.6a,
alongside the calculated fit, using Equation 5.14. Furthermore, the data shows excellent agreement
with the fit directly calculated from the fits to the correlations. A maximum raw visibility of 62.9±3.6%
is achieved for a post-selected bin size of 32 ps. The effect of the Gaussian component is seen in the
visibility for long time delays where the oscillations die off rapidly. However, given that the coherence
time is too short to allow the beating oscillations to be seen fully, these effects are more difficult to
distinguish. A deconvolution of the data reveals a maximum achievable visibility of 91%, as a result
of the multi-photon contributions to the g (2)(0).
For the case of excitation at PSat /5, the resulting correlations for co- and cross-polarised photons
arriving at the interfering beamsplitter with a delay of 6.25 ns are shown in Figure 5.7a. As before,
the cross-polarised correlation is not limited by the detector response but instead by the bunching
of photons in the shoulders of the g (2)(τ). For the co-polarised correlation, the detector response
significantly affects the measured coincidence dip. A deconvolution with the detector response
reveals that the dip extends down to 0.01±0.01, where the background contribution is determined to
be β= 0.0034±0.0057. The much longer Lorentzian time reveals large beats resulting from the FSS. A
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fit to the data using the same values of the FSS and m reveal τL = 1.18±0.03 ns and τG = 0.589±0.06.
These values agree well with those determined from the MI measurement, and result in a coherence
time T2 = 440±45 ps of a Voigt profile.
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Figure 5.7: Low power HOM interference. a Co- and cross-polarised correlations. Solid lines represent fits
to the data using parameters determined from the autocorrelation. b Corresponding interference visibility
displaying a maximum of 73.1±1.6%. Solid line fit is determined directly from the fits of the correlations.
Post-selection bin size is 32 ps.
Figure 5.7b shows the calculated interference visibility for the correlations shown in Figure 5.7a,
alongside the calculated fit. A maximum raw visibility of 71.3±1.6% is found, extending to 98.6±1.6%
upon deconvolution of the data, limited only by a small background contribution to the correlations.
The agreement of the Lorentzian and Gaussian components to the coherence time support the
conclusions drawn from the MI data in that for excitation at 1310 nm, decreasing excitation power
leads to a coherence time limited by the inhomogeneous broadening. Similar effects have been seen
in nanowires QDs which displayed the longest coherence times at saturation power as a result of the
defect trap saturation for higher powers [195], and suggest the effect seen here could also be related to
an absence of charge trap saturation for low powers. The MI data for excitation at 785 nm conversely
suggests that as the coherence time remains longer for lower powers with a predominantly Lorentzian
lineshape, the contribution of the inhomogeneous broadening does not become the limiting factor.
Given the excess carriers generated in the QD environment under this type of excitation and the
corresponding dynamics of the HBT correlations for the two excitation wavelengths, this seems
like a reasonable conclusion. It is further noted that this was not a general effect seen for the QDs,
suggesting further the contribution of the local environment to the coherence in the emission of the
QD.
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5.4 Interference with a Weak Coherent State
While the characterisation of the degree of mutual indistinguishability of a photon source yields
information on the coherence properties of the emitter, it is unlikely in practice that such a setup
using delayed single-photons from the same emitter would be used for long-distance quantum
communications. For schemes such as a quantum relay, where the entangled photon-pair source
may be separated physically over tens of kilometres from the input qubit, the case of interference of
photons from separate sources becomes crucial.
More ideally, such schemes would be implemented using single-photon sources, this can be
circumvented in the short term by looking to implement these schemes using a laser input source,
and is favourable even due to the fact that QKD systems operate with weak coherent pulses. This, of
course, requires being able to interfere photons of different photon statistics, something that was
first demonstrated by Bennet et al. [198]. This concept was extended to include the interference laser
and QD photons originating from the X X − X cascade, allowing the teleportation of laser qubits
using an electrically operated device [52, 42]. Later, this was extended further to the telecommuni-
cations wavelength using QD sources by Felle et al. [83], which again subsequently resulted in the
teleportation of telecom O-band laser qubits [199].
This section presents a further development to this area by using the relatively new InAs/InP QD












where θ, ϕ characterise the polarisation state on the Poincaré sphere, a crucial first step in working
towards the teleportation of C-band laser qubits suitable for the enhancement of long-distance QKD
networks.
5.4.1 Experimental Setup
A schematic of the two-photon interference (TPI) measurement is shown in Figure 5.8. In contrast
to the HOM interference, a 99:1 beamsplitter was used in order to make efficient use of the QD
photons, as the laser intensity could be set arbitrarily. A further 50:50 beamsplitter was then used in
order to perform correlation measurements. The polarisation bases of the detectors was again set by
using EPC and was calibrated using the 1% output of the interfering beamsplitter, with minimisation
routines used as in the previous section. In contrast to the HOM interference, a more standard
approach sending the QD photons through a LP orientated to select one linear polarisation was used
in order to remove the effect of the beating from the FSS, instead allowing a focus on the energy
overlap of the laser and QD photons. An overlapping routine was carried out periodically throughout
the measurement using an OS after the interfering beamsplitter. The OS could be used to sequentially
direct laser or QD photons towards a grating spectrometer with 1200 g/mm. A series of spectra was
then fitted using a Gaussian function to extract the central energy of the emission. A feedback routine
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was employed to minimise the difference in energy between the laser and the QD to below 2 µeV by
controlling the energy of the laser. The intensity ratio between the laser and QD photons was also
controlled periodically throughout the measurement using a digital variable attenuator (DVA), with a















Figure 5.8: Two-photon interference with a weak coherent state. A tunable CW laser is used to generate a
weak coherent state in the telecom C-band to interfere with a QD photon on a 99:1 unbalanced beamsplitter.
On the QD 99% port, correlation measurements are performed to analyse the two-photon state using a
standard HBT setup and SNSPDs. The QD 1% port is used for polarisation calibration. An optical switch (OS)
allows for periodic frequency matching of the laser and QD photons.
When the laser and dot photons are distinguishable (due to their orthogonal polarisation), a dip at
zero delay is expected in the correlation, due to the single-photon nature of the QD photons super-
imposed on the laser-QD and laser-laser background. When the input photons are indistinguishable
and identical in all degrees of freedom (corresponding to the co-polarised case), a bunching at zero
delay is expected due to two-photon interference superimposed on the dip, reflecting the higher
probability for measuring the two-photon state at the beamsplitter. The form of the expected correla-
tions can be described by a modified version of the two-photon correlation function for dissimilar
photon sources presented by Bennett et al. [83, 198], which takes into account the differences of this
experimental setup. The form of the correlation function is





η+α2 +β)2 , (5.17)
where η is the dot intensity, α2 is the laser intensity, β is the uncorrelated background contribu-
tion, ∆EL is the detuning between QD and laser photon, and φ gives the polarisation difference
between the two photons (φ= 0 and φ=π/2 for co-and cross-polarised photons, respectively). The
interference visibility can be calculated from the contrast of the co-and cross-polarised correlation
measurements as





with the correlation functions for co- and cross-polarised photons defined from Equation 5.17.
For perfect emitters with g (2)(0) = 0 and no additional background, the post-selected interference
visibility is defined by the relative intensity of the laser and QD photons at the beamsplitter. Together
with the QD intensity, which is strongly correlated with the coherence time of its emission, this
provides a parameter space by controlling both this ratio and the QD intensity. Two cases of experi-
mental condition are considered in this chapter. The first consideration is the realistic conditions for
maximising the two-photon coincidence rates, corresponding to the QD being excited at PSat and
the QD/laser intensity ratio η/α2 = 1. The second consideration is a more idealistic case, where the
QD is excited at PSat /20 to maximise the coherence time and η/α2 = 2.5 to maximise the visibility.
5.4.2 Results
Due to the large FSS of the QD used in the previous section, there would be a significant problem
measuring entanglement, since the detector resolution would wash out such fast oscillations, re-
sulting in a low entanglement fidelity. Therefore, it would have been infeasible to use in a quantum
teleportation experiment, where not only are the interfering QD photons left unpolarised, but, cru-
cially, a high entanglement fidelity is required. For this reason, another QD was selected for this
experiment which will subsequently be used for the teleportation detailed in Chapter 7. As shown
in Figure 4.11, coherence times exceeding 150 ps when exciting at PSat are found in ∼ 80% of the
QDs in this sample. This allows the FSS and source intensity to be the main focus of QD selection.
Eventually, a QD with a FSS of 5.7±0.2 µeV, one of the lowest found in this sample, was selected for
the subsequent measurements. Autocorrelation measurements of this QD for the two powers PSat
and PSat /20 are shown in Figure 5.9a and Figure 5.9b, respectively. Here, it is found that a simplified
four-level model for the autocorrelation function is enough to capture the relevant QD dynamics
stemming from additional population processes [157]. This fitting function has the form
g (2)(τ) = 1− (1+ A+B)e−|τ|/τ1 + Ae−|τ|/τ2 +Be−|τ|/τ3 , (5.19)
where A and B denote coupling strengths to the additional levels, τ1 is a timescale which depends
on the radiative lifetime and the pumping rate and τ2,τ3 are the timescales of the additional decay
processes. For low powers B → 0 and this model reduces to a more standard three-level model. The
background contribution and detector response is taken into account using the same method as
described in Section 4.3 and a jitter of 90 ps is again used.
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Figure 5.9: HBT autocorrelation of the QD used for TPI. a High power excitation at PSat . A fit to the data
(solid line) reveals a g (2)(0) = 0.177. b Low power excitation at PSat /20. A fit to the data (solid line) reveals a
g (2)(0) = 0.095.
From the fit a g (2)(0) = 0.177 is determined from a β = 0.10± 0.02 at PSat , with A = 1.97± 0.08,
B = 1.96±1.33, τ1 = 0.36±0.03 ns, τ2 = 2.18±0.03 ns and τ3 = 0.19±0.05 ns. The relatively high
background in this case differs from the previous section, and is seemingly not a consequence of the
detector response. Instead, it may be the result of uncorrelated emission from the semiconductor
environment. For the lower power measurement, a g (2)(0) = 0.095 is determined from aβ= 0.05±0.01,
with A = 0.90±0.01, B = 0, τ1 = 1.53±0.02 ns, τ2 = 40.80±0.02 ns. The lower value of β corresponds
well with a power-dependent background emission, and τ1 = 1.53 ns corresponds well with the fitted
radiative lifetime of this QD, which was determined to be T1 = 1.58±0.01 ns from an independent
lifetime measurement. The reduction of both coupling strengths and increase in the bunching time
for lower power suggest similar dynamics as those described by the full rate equation model for the
previous QD, with the faster electron capture rate and limited hole/exciton capture rate causing a
long-lived electron shelving state after emission of an X − photon. For the high power measurement,
the additional timescale τ3 is most likely related to the fast decay of the X X , again corresponding
well with the decoupling of B = 0 for the lower power measurement.
The resulting correlations of the TPI measurement for the QD excited at PSat and intensity ratio
η/α2 = 1 are shown in Figure 5.10a, where the the dip of the cross-polarised correlation extends down
to just below 0.8, as a result of the relatively high laser-laser and QD-laser contributions. A small
bunching peak around τ= 0 can be seen for the co-polarised correlation, resulting from the increased
probability of two photons entering the 50:50 beamsplitter. Solid lines are fits to the data using the
parameters determined from the autocorrelation measurement and the experimentally-determined
average intensities. Good agreement is found for the cross-polarised case. For the co-polarised
case, additional fitting parameters are included to determine the coherence time T2 = 294±9 ps
and the energy detuning ∆E = 1.9±0.1 µeV. This value for the coherence time agrees well with the
value of T2 = 262±19 ps determined from the MI. Figure 5.10b shows the corresponding interference
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visibility where the fit is determined directly from the fits of the co- and cross-polarised correlations.
A maximum raw visibility of 56.5±1.1% is found out of a possible maximum theoretical value of
66.67% for this intensity ratio. This result constitutes 85% of the maximum obtainable value, limited
only by the background contribution.
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Figure 5.10: High power TPI with a weak coherent state. a Co- and cross-polarised correlations for η/α2 = 1.
A small bunching peak is seen on the co-polarised correlation corresponding to the increased probability
for detecting two photons entering the beamsplitter. Solid lines represent fits to the data using parameters
determined from the autocorrelation. b Corresponding interference probability displaying a maximum
visibility of 56.5±1.1% and a coherence time of T2 = 294±9, as a result of the measurement conditions. Solid
line fit is determined directly from the fits of the correlations. Post-selection bin size is 48 ps.
The corresponding measurement for PSat /20 and η/α2 = 2.5 is shown in Figure 5.11. The dip
of the cross-polarised correlation extends further down towards 0 due to the reduced laser-laser
contributions, while the width of the co-polarised correlation peak, and hence the visibility peak,
is much wider, corresponding to the increased coherence time. The raw visibility at τ= 0 is found
to be 72.8±2.7%, where the theoretical maximum is 80% for this intensity ratio, and so this result
constitutes 91% of the maximum achievable value limited only by the background contribution. From
the fits, a coherence of T2 = 471±29 and detuning of∆E = 1.5±0.1 µeV is determined, corresponding
well with the measured values using the MI and the accuracy of the energy-overlapping routine.
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Figure 5.11: Low power TPI with a weak coherent state. a Co- and cross-polarised correlations for η/α2 = 2.5.
The dip of the cross-polarised correlation extends further towards 0 as a result of the reduced laser-laser
contribution. Solid lines represent fits to the data using parameters determined from the autocorrelation. b
Corresponding interference probability displaying both a higher maximum visibility of 72.8±2.7% and longer
coherence time of T2 = 471±29, as a result of the measurement conditions. Solid line fit is determined directly
from the fits of the correlations. Post-selection bin size is 80 ps.
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5.5 Summary
The work in this chapter first considered the HOM-type interference of superposition-state single
photons from the neural X . The model describing interference of photon wave packets was extended
to consider the beating mode function of these neutral transitions. Interference was carried out
for high and low power regimes, exploring the level of achievable mutual indistinguishability. High
post-selected visibilities were achieved despite the non-resonant excitation, and the values of the
homogeneous and inhomogeneous components of the coherence time compared well with the
corresponding MI measurements.
The second part of this section considered the first key element of the teleportation protocol for
the teleportation of laser qubits; the TPI with a weak coherent state. Interference was performed
again in two power regimes, exploring the parameter space and the limitations on the interference
visibility for this type of emitter. It was found that the visibility was mainly limited by background
contributions in both experimental conditions considered. The success in demonstrating non-
classical interference with laser photons will be used directly in Chapter 7, when looking at the
teleportation of such qubits.
Future work in this area would naturally concentrate on the reduction of the pure dephasing
processes limiting the mutual indistinguishability of these photon sources, allowing future exper-
iments involving remote single-photon emitters. In the first step, this could be achieved by utilis-
ing resonant excitation schemes in order to remove dephasing associated with carrier relaxation
processes [165, 166, 171, 200]. Additionally, enhancement of the radiative lifetime of the QD by
incorporation into a cavity, such as those recently demonstrated [189, 190, 201], would improve the
overall source brightness, indistinguishability and efficiency. For the experiments involving laser
photon interference, reduction of the pure dephasing and emitter lifetime would naturally reduce
the time-gate restriction, allowing wider gates to be used.

Chapter 6
Entangled Photon Pairs in the Telecom
C-Band
In this chapter, the entangled pair photon properties resulting from the X X − X cascade will be
considered, the next crucial element for performing quantum teleportation. A basic model for
describing the polarisation-resolved correlations will be considered, as well as the full description of
the two-photon density matrix for a general entangled state.
6.1 Introduction
Since the first demonstrations of entanglement using QD sources [76, 202, 77], there has been much
work in the field towards realising ideal entangled photon-pair sources, consisting of transform-
limited on-demand emission from fully symmetric QDs. There has been research focusing on the
removal of temporal filtering [203], using a combination of excitation schemes [72, 204], the growth
of more symmetric QDs to reduce the FSS [90, 188, 205], as well as work which focused on developing
electrically-driven entangled photon-pair sources [66, 99, 19, 206, 207]. Again, much of this has
been carried out with QDs emitting at wavelengths below 1 µm. However, there have been recent
demonstrations from QDs emitting in the telecommunications bands [99, 133, 134, 208, 209], which
are more desirable for application involving quantum cryptography [210], where the transmission
through fibre is much more practical for long-distance communication links.
Here, the entangled photon-pair generation from QDs emitting near the telecom C-band will be
considered under CW optical excitation and under excitation at 1 GHz, which is a requirement for
developing a relay compatible with existing QKD infrastructure.
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6.2 Modelling Entanglement from the Biexciton Cascade
In order to develop a qualitative understanding of the entanglement dynamics in the QD, a simple
model will be introduced. As discussed in Section 2.2.3, entangled photon-pairs are generated in





|HX X HX 〉+e i Sτ/~ |VX X VX 〉
)
, (6.1)
where the time-dependent phase is due to the FSS of the intermediate X state. This causes the
polarisation to evolve over time after the measurement of a X X photon in any basis other than the
QD eigenbasis. For τ= 0, the expected state is simply the maximally-entangled Bell state |Φ+〉.
The density operator ρ = |ψ〉〈ψ| can be used to fully describe the two-photon state and the
resulting dynamics of the emission from the QD. A simple model to describe the entangled photon
emission from the QD, based on the solutions to a system of multi-level rate equations, is reproduced
here from [206]. In its simplest form, the system includes the X X , the correlated exciton XC , the
uncorrelated exciton XU and the ground state G . Detection of a X X photon places the system in
the initial coherent exciton state. The time-dependent solutions to this system can then be used to




ρe (τ,S)XC (τ)+ρm XU (τ)
)
(6.2)
where ρe is the density operator for the entangled state given by Equation 6.1 and ρm is the density
operator for mixed light given by the normalised identity matrix I4/4. For the negative time delays,
the same model is used to determine the the population of the X X after emission of an X , i.e. the
ground state is initially populated. The benefit of utilising such a system to describe the entangled
photon emission is that the system of rate equations can be easily extended to incorporate more
intricate QD dynamics, if necessary. The most significant concept to note here is that for describing
the entanglement, it is required to subdivide the X level in order to capture the relevant correlations
with the previously detected X X photon.
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Figure 6.1: Simulated correlations for the polarisation-resolved X X − X cascade in three complementary
bases on the Poincaré sphere. Parameters used correspond to radiative lifetimes of τx = 1.5 ns, τxx = 0.3 ns
and a FSS of S = 6~ µeV, excited at an e-h pump time τp = 12 ns
The resulting correlations describing the measurement of an X photon after previous detection of an
X X photon are then determined straightforwardly by projection of the density matrix ρ(τ,S) into
the relevant polarisation detection basis. Figure 6.1 shows the result of such a simulation for the
simple model discussed above. The parameters used correspond to a QD with a radiative lifetime of
τx = 1.5 ns, τxx = 0.3 ns and a FSS of S = 6~ µeV, excited at an e-h pump time τp = 12 ns. As, expected,
the measurement in the QD eigenbasis results in static correlations, where there is a significant
probability of measuring co-polarised photon pairs. Measurement of the state in the superposition
bases reveals time-dependent oscillations at the frequency corresponding to the FSS.
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6.3 Characterising Entanglement
In order to characterise entanglement, polarisation-resolved correlations are required in order to
determine the correlation coefficient
Eα,β = 〈αβ|ρ |αβ〉+〈α′β′|ρ |α′β′〉−〈αβ′|ρ |αβ′〉−〈α′β|ρ |α′β〉 , (6.3)
where α and β denote the polarisation of the X X and X and the prime denotes orthogonal polarisa-
tion. For the unpolarised sources used here, the correlation coefficient can be determined directly
from the polarised correlations g (2)
αβ












By considering the elements of the density matrix describing the entangled state and the relations to
the correlation coefficients in three complementary bases, it can be shown that the fidelity to the Bell
state |Φ+〉 is given by [58, 211]
f + = 〈Φ+|ρ |Φ+〉 (6.5)
= (ρ11 +ρ44)/2+Re{ρ14} (6.6)
= (1+EHV +ED A −ERL)/4, (6.7)
where EHV , ED A , ERL refer to the correlation coefficient in the rectilinear, diagonal and circular bases,
respectively. From the form of Equation 6.6, it can be seen that it is exactly the off-diagonal terms
of the density matrix which allow the measurement of f + > 0.5 and thus the discrimination of the
entangled state. It is the correlation coefficients ED A , ERL in the QD superposition basis which con-
tribute to these off-diagonal terms. Therefore, the number of measurements required to determine
the fidelity to the expected Bell state is significantly reduced to just three basis combinations, instead
of the nine required to determine the full density matrix. The labelling of the basis here refers to the
eigenbasis of the QD, and so measurements are performed in the QD basis, which can be determined
by using a LP to select either the H or V component, from which all other polarisation states are
defined.
The top panel of Figure 6.2 shows the resulting correlation coefficients for the simulated QD
correlations shown in Figure 6.1, determined using Equation 6.4. Due to the nature of the QD state,
the correlation coefficient is positive for measurement in the linear bases and negative in the circular
basis. Evaluation of the fidelity using Equation 6.7 shows the expected oscillatory behaviour of the
QD state with respect to the maximally entangled Bell state.
Along with the fidelity to the expected entangled state, the Bell parameter provides another metric
for quantifying the non-classicality of the observed correlations. In the CHSH inequality form [16],
the Bell parameter in three orthogonal planes of the Poincaré sphere can be related to the elements
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of the density matrix, and therefore the correlation coefficients as [58]
Sr d =
p
2(EHV −ED A) ≤ 2, (6.8)
Sdc =
p
2(ED A −ERL) ≤ 2, (6.9)
Sr c =
p
2(EHV −ERL) ≤ 2. (6.10)
where Sr d , Sdc and Sr c are the Bell parameters in the rectilinear-diagonal, diagonal-circular and
rectilinear-circular planes of the Poincaré sphere, respectively. Violation of these inequalities then
serves to demonstrate that the observed correlations cannot be produced classically by way of local
hidden variables and require an entangled state. Again, it can be seen that only measurements of
three correlation coefficients are required in order to quantify the Bell parameter in three orthogonal
planes of the Poincaré sphere.
6.3.1 Time-Evolving Entanglement
While the above formalism describes the required measurements to determine the fidelity to the
static Bell state for delays τ= 0, the actual form of the entangled state from the QD evolves over time
according to Equation 6.1. The above concept can be extended, and has been by Ward et al. [208], to
include the time-evolving dynamics. Following the supplementary note of [208], the time-evolving
fidelity can again be expressed by considering the two-photon density matrix as















where ELD,R A , ERD,L A correspond to the correlation coefficients in two elliptical polarisation basis
on the {DL AR} plane of the Poincaré sphere, bisecting the L− A and L−D states, respectively. This
extends the number of measurements required to characterise the time-evolving entangled light
emission from the QD to just five bases.
By combining all of the above, a simulation of the expected correlation coefficients can be seen
in the top panel of Figure 6.2. The same behaviour from the correlations is seen, where now the
correlation coefficient of the superposition basis states oscillates with a period defined by the FSS,
and the initial phase is determined by the respective measurements basis, such that each basis is π/2
out of phase with the next.
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Figure 6.2: Simulated time-evolving entanglement. (Top) Correlation coefficients for the polarisation-
resolved X X − X cascade in 5 bases on the Poincaré sphere. (Bottom) Resulting fidelity to the static and
time-evolving states. For φ= 0, the fidelity is to the Bell state |Φ+〉.
The simulated fidelity to various maximally entangled Bell states, determined by the phase of Equa-
tion 6.12, can be seen in the bottom panel of Figure 6.2. For the static phases, the entanglement
fidelity oscillates in time as expected, with φ= 0 corresponding to the fidelity to the Bell state |Φ+〉.
However, with the time-dependant phase φ= Sτ/~, the fidelity no longer oscillates and becomes
static following the envelope of the oscillations, corresponding to the fidelity to the time-evolving
entangled state given by Equation 6.1.
6.3.2 Experimental Setup
A schematic of the experimental setup used for characterising the entangled photon-pair properties
is shown in Figure 6.3. The QD was excited using a 1310 nm laser. The PL was collected using
a pair (not shown) of pellicle beasmsplitters in order to remove polarising effects of the optical
elements. The light was then directed towards a TG where the X X and X emission was filtered,
spatially separated and coupled back into fibre. EPCs were used in order to define the polarisation
basis before detection using a PBS and SNSPDs with timing jitter ∼ 90 ps. The measurement bases
were calibrated using a polarised reference laser aligned to the QD eigenbasis, after selection of one
of the linear components using LP. Once in the QD basis, a HWP and QWP were then used to put the
reference laser in the superposition bases of the QD. A minimisation of the laser count rate on the
detectors was performed as in the TPI calibration in Chapter 5, and the voltages of the EPCs saved.
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Time-correlated spectroscopy was performed using the X X photons as the start and the X photons
as the stop. Co- and cross-polarised correlations in polarisation bases P and Q were then measured














Figure 6.3: Experimental setup for measuring entanglement. Light from the QD is collected and directed
towards a TG to spatially separate and spectrally filter the X and X X emission. After the TG, the light is coupled
into SM fibre where it is then sent through an EPC, before detection using a PBS and SNSPDs.
6.3.3 Results
The second-order polarisation-resolved correlation measurements for the five required bases are
shown in Figure 6.4. Most of the correlations show the expected behaviour when comparing qualita-
tively to the simulations. For the correlations in the HV basis, small oscillations suggest a detection
misalignment of the X X and X , away from the QD eigenstates. This could be the result of the pro-
jection and alignment of the reference laser to the linear QD state. The slightly high probability of
detecting a V polarised X could be the result of this misalignment; however, it must also be noted
that spin-scattering [206, 211–213] of the QD could also lead to this increased probability, leading
further to a reduction of the correlation coefficient. For the well-aligned bases, the increase in the
base envelope of the oscillations could be as a result of the QD dynamics, which display a small
bunching following the anti-bunching dip for short time delays away from τ = 0, indicating the
presence of re-excitation [214]. It can also be seen that there is an increased probability for detection
of cross-polarised photons in the circular basis, when compared to all other correlations. Such
effects have been seen previously for QDs with low FSS in the presence of a fluctuating nuclear
magnetic-field, where the eigenstates are closer to the circular basis, due to the effect of an increase
in the circular component of the FSS [206].
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Figure 6.4: Measured polarisation-resolved second-order correlations. Each basis measurement consists
of a simultaneously measured co- (blue) and cross-polarised (orange) correlation. Measurements in the
superposition basis reveal strong oscillations of the two-photon state with a period of 713 ps, as expected from
a FSS of S = 5.8 µeV. A slight oscillation in the HV basis indicates a potential misalignment of the detection
basis. The data was recorded with a timing resolution of 16 ps and binned into 32 ps in post-processing.
Shaded area (visible as lines) denote error calculated from counting statistics.
The correlation coefficients calculated for each basis can be seen in the top panel of Figure 6.5.
Again, the data qualitatively follows the expected behaviour from the simulations; however, the
effect of the misalignment is seen more clearly. The correlation coefficient oscillates in the HV basis,
with the other bases each following the envelope. From the phase of the correlation coefficients, it
appears that only the ELD,R A suffers from a small misalignment in phase, with all others following
the expected pattern. The unusual feature of this is that the negative envelope does not follow
such an oscillation, as would typically be expected from a simple rotation of the detection basis.
The correlation coefficients reach maximum values of EHV = 0.83± 0.01, ED A = 0.90± 0.01 and
ERL =−0.90±0.01 at τ= 0.
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Figure 6.5: Measured time-evolving entanglement. (Top) Correlation coefficients for the polarisation-
resolved X X − X cascade in five bases on the Poincaré sphere. (Bottom) Resulting fidelity to the static and
time-evolving states. For φ= 0, the fidelity is to the Bell state |Φ+〉. The phase of the correlation coefficients
indicate good alignment of the detection bases, with a slight offset in the ELD basis. The presence of an
oscillation on the HV basis, with the oscillation in the envelope of the other correlation coefficients, however,
indicates a potential misalignment.
The bottom panel of Figure 6.5 shows the calculated fidelities to the various entangled states, as
discussed above. The behaviour follows closely that of the correlation coefficient, with now the
fidelity to the time-evolving state being the envelope of the fidelity to the static entangled states. For
the time-evolving state and the |Φ+〉 Bell state, the fidelity reaches a maximum of f + = 0.91±0.01 at
τ= 0, and constitutes the highest recorded entanglement fidelity of a QD source operating near the
Telecom C-band. At this excitation power, the entanglement persists for approximately 1.5 ns, before
dropping below the value of 0.5, corresponding to classical correlations. A counts-weighted average
over the period in which the entanglement fidelity to the time-evolving state remains greater than 0.5
results in f̃ + = 0.72±0.01, implying that entanglement would be observed with a gate-period close
to the radiative lifetime of the X in the absence of a FSS. Such a result is encouraging motivation for
the development of FSS erasure methods [215, 216]. However, in such a scheme the operation of the
source under pulsed excitation would be much more desirable in order to reduce strong re-excitation
degrading the entanglement fidelity over longer times.
Finally, the Bell parameters can be calculated according to Equation 6.8, and are found to be
Sr d = 2.44±0.02, Sdc = 2.54±0.03 and Sr c = 2.44±0.02 for the three orthogonal planes of the Poincaré
sphere, with all values violating the classical threshold of two, thus confirming the large degree of
entanglement in the two-photon state.
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6.4 Anomalous Fine-Structure Splitting
The deviation away from the expected time-evolving entanglement fidelity can be explained by
the fact that the polarisation basis of the X and X X are not perfectly aligned as discussed. How-
ever, an alternate explanation is that the X and X X do not share a common eigenbasis. That is
to say, they do not emit in a co- or cross-polarisation basis. This effect has been seen in the FSS
measurements of many QDs in this sample, where here, the effect manifests as a deviation away
from the anti-correlation in energy of the expected {|H〉 , |V 〉} basis. Figure 6.6 shows an example
measurement of such a QD with an anomalous FSS, determined from a QWP measurement of the
FSS, as described in Section 3.1.3. The spectrum, displayed in Figure 6.6a, shows the typical or-
dering of the transitions seen in QDs in this sample, where the X , X X and X − have been labelled.
Figure 6.6b shows the corresponding measurement of the FSS. As can be seen at the onset, there
is a small amount of energy correlation, suggesting that the polarisation of the emitted photons
are not well-correlated in the usual linear basis. Another feature of QDs with such anomalous split-
ting of the X and X X is the presence of a splitting in the charged X lines, as shown in Figure 6.6c,



























Figure 6.6: Anomalous fine-structure splitting in a QD. a Spectra of a QD measured under EL at T = 44 K,
with the typical transitions of the X , X X and X − labelled. b FSS measurement and reconstructed curve of
the X and X X , showing a typical anomalous splitting, where there is a deviation away from the expected
anti-correlation for co-polarised photon-pairs. c Same measurement but for the X −, which should typically
have zero splitting.
In general, this effect is prevalent across QDs in this sample and causes a problem when looking to
perform entanglement measurements. Calibrating the detection basis is no longer possible in the
straightforward manner using the linearly polarised eigenstates to determine the reference frame
for the polarisation calibration. This effect was particularly prevalent when performing excitation at
1 GHz on the QD, discussed in the following section. A further deviation of the states away from the
linear basis was seen under pulsed optical excitation for this QD.
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Currently, no theory exists to explain this new phenomenon. Consequently, the rest of this
chapter develops a framework to provide insight into possible origins, along with a method to recover
entanglement from these QDs in order to perform the quantum teleportation at 1 GH, discussed in
Chapter 7.
6.4.1 Free-Eigenstate Model
The presence of a splitting on the charged exciton indicates the presence of a magnetic field in the
vicinity of the QD [217, 78, 218–220]. Given that a significant proportion of the QDs measured on
the sample display both simultaneous anomalous splitting and a splitting of the charged line, it
seems reasonable that this is the result of the same effect. One explanation for such an effect is the
presence of a nuclear magnetic field [206, 221, 222], which modifies the eigenstates of the X X and X
to a general non-orthogonal set, in addition to lifting the degeneracy of the charged exciton triplet
and singlet.
The model presented below offers an explanation in terms of such an internal magnetic field;
however, an equivalent external magnetic field that is required to demonstrate such an effect seen
in Figure 6.6c needs to be large, on the order of ∼ 1 T. This is much larger than the typical fields
generated by nuclear magnetic interactions [222]. There is no obvious origin of such a large internal
field and so the model presented below is somewhat implausible. Therefore, it is likely that there is a
better explanation that has not been considered, something that would be an interesting area for
future research.
Returning to the exchange interaction picture of the eigenstates of the X introduced in Sec-
tion 2.2.3, and considering only the part referring to the bright exciton, the effect of a normally














using the angular momentum basis M = |±1〉, corresponding to the polarisations {|R〉 , |L〉}, where B
is the magnetic field strength and gz is the electron g-factor in the normal direction. By subtracting
the dark X splitting energy ∆ and rotating to the {|H〉 , |V 〉} basis, the Hamiltonian for the bright X








where Sr and Sc refer to the splitting in the rectilinear and circular bases, respectively. Here the
component Sc is now proportional to the strength of a normally orientated magnetic field and the
total splitting is given by S =
√
S2r +S2c . The effect of this for a fluctuating nuclear magnetic field
has been detailed in [206], and results in a modification of the polarisation eigenstates to a general
elliptical eigenbasis, as shown schematically in Figure 6.7. For the normal case of no magnetic
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field interaction, the eigenstates of the X X and X are parallel with emission of linear co-polarised
photon pairs. With increasing magnetic field strength, the eigenstates of the X X and X transition to
non-orthogonal states given by [206]
|PX X 〉 =α |HX X 〉− iβ |VX X 〉 |PX 〉 =α |HX 〉− iβ |VX 〉 , (6.15)
|QX X 〉 =α |VX X 〉− iβ |HX X 〉 |QX 〉 =α |VX 〉− iβ |HX 〉 , (6.16)
where α2 +β2 = 1 and β/α= Sc /(Sr +S), with emission of elliptically polarised photon pairs. The




|PX X 〉 |PX 〉+e i Sτ/~ |QX X 〉 |QX 〉
)
, (6.17)
and still results in emission of polarisation entangled photon pairs. At τ= 0, the entangled state is
still the expected Bell state |Φ+〉, when expressed in the QD basis.
Figure 6.7: Modification of the polarisation eigenstates under a normally orientated magnetic field. At
zero-field, the energy structure resultant from the exchange interaction remains the same and the mixing of the
M = |±1〉 eigenstates results in the linearly polarised eigenbasis {|H〉 , |V 〉}. With the application of a magnetic
field in the normal direction, the eigenstates are modified resulting in an elliptically polarised non-orthogonal
basis.
With no magnetic field Sc → 0 and the states are the same as those in Equation 2.19. For increasing




|RX X 〉 |LX 〉+e i Sτ/~ |LX X 〉 |RX 〉
)
. (6.18)
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The expected effect of a QWP measurement can be simulated by calculating
E(χ) = Tr
{






where M(χ) denotes the matrix operator for the measurement and ρi is the density matrix determined
as an equal mixture of the eigenvectors of H(Sr ,Sc ), corresponding to an unpolarised source. The
splitting energy is opposite for the X and X X corresponding to SX =−SX X , and is taken into account
by setting HX = −HX X . Figure 6.8 shows the result of this effect on the FSS measurement for the
X and X X . As can be seen for increasing Sc , the states move from anti-correlated (co-polarised)















Figure 6.8: Simulated FSS measurement of the X and X X for increasing magnetic field strength ∝ Sc .
(Left) Resulting eigenstates in a QWP measurement for Sc = 0 where there is no modification. The states
remain perfectly linear with only the 4 f component. (Centre) Modification for a component of Sc ∼ Sr , where
the eigenstates are now elliptically polarised, with both 2 f and 4 f components. (Right) For large Sc the states
tend towards circularly polarised eigenstates and the 2 f component dominates.
The corresponding density matrix is then parametrised by the linear and circular components of the
total splitting and calculated as before
ρ(τ,Sr ,Sc ) = 1
2
(
ρe (τ,Sr ,Sc )XC (τ)+ρm XU (τ)
)
. (6.20)
Writing this matrix using the linear QD eigenbasis and performing the projections as before, cor-
responding to measurement in the different polarisation bases, the correlation coefficients and
entanglement fidelity can be plotted to highlight the effect of measuring such a QD. Figure 6.9 shows
a simulation of this for the same parameters as before, except now with Sr = 3.4 µeV and Sc = 1.1 µeV,
a similar ratio to those determined for the QD used for the entanglement measurement described
above. The overall result agrees qualitatively very well with the measured data. The oscillation of
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the HV correlation coefficient enveloping all other oscillations, corresponding to the misaligned
detection, is reproduced without any further assumptions on the detection bases. This indicates
that with the measured data, the projection of the states onto the linear basis, and the subsequent
alignment to this basis follow the form of state in Equation 6.17, where there is a small circular
component to the splitting, indicating the presence of a small magnetic field felt by the QD.
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Figure 6.9: Simulated time-evolving entanglement in the presence of a small circular splitting Sc , pro-
jected against the linear basis. (Top) Correlation coefficients for the polarisation-resolved X X −X cascade in
five bases on the Poincarè sphere. (Bottom) Resulting fidelity to the static and time-evolving states. For φ= 0,
the fidelity is to the Bell state |Φ+〉. With the measurement basis projected against the expected linear basis,
the oscillation of the envelope is recovered, qualitatively describing the effect seen in the data in Figure 6.5
6.4.2 Statistics of Anomalous Fine-Structure
To explore this effect further, data for 90 QD FSS measurements measured under EL at T = 44 K, the
same measurements from Section 3.1.3, were analysed using the Fourier method to determine the
linear and circular components of the splitting from the magnitudes of the 2χ and 4χ frequency
components, as discussed in Section 3.1.3. However, this only determines the magnitudes of those
components with respect to the lab measurement basis, which, in general, is not aligned to the axis
of the QD. In order to correct for this rotation introduced by the optics of the measurement and the
alignment of the QD with respect to the axis of the LP, the Stokes parameters for all 90 QD X and X X
were determined and the corresponding states plotted on the Poincaré sphere.
For a normal QD, growth is preferentially elongated along the same crystal axis. Therefore,
the collinear eigenstates tend to point along the crystal axis corresponding to the H and V linear
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polarisations [82, 223]. Indeed, by looking at the statistics, the majority of QDs were found to have
states lying within a plane, concentrated along an axis in the plane. By using the mean state to define
the QD axis, a rotation Muller matrix was defined to map the lab frame to the QD frame, in order to
transform the determined Stokes parameters.
Figure 6.10 shows the result of transforming all 90 QD X and X X states into the defined QD frame,
using this method. The colour of the states represent the overlap of the X and X X , where the overlap
has been calculated using the eigensates, and so co-polarised photons have an overlap of 1. For the
Stokes parameters determined here, an X pointing along H will have a corresponding co-polarised
X X pointing along V . From the plots it can be seen clearly that many QDs approximately emit in the
linear bases, as expected. However, a significant number display eigenstates deviating away from the
polar states, towards the circular basis, with the X and X X pointing now towards the same circular
state, as described by the states in Equation 6.15. Again, this corresponds to the QD becoming
elliptically polarised with non-collinear eigenstates. It is noted that while the eigenstates deviate way
from the linear basis, the cascade still produces correlated photon pairs with orthogonal polarisation
due to the conservation of spin. This coherent effect allows for the measurement of entanglement,
despite the elliptical eigenbasis.
Figure 6.10: Measured states expressed in the frame of the QD. (Left) Side view and (Right) Top view of the
determined X and X X states for 90 QDs in the frame of the QD, determined by rotation into the frame of the
mean linear state. The colour of the states represent the overlap of the X and X X , where the overlap has been
calculated using the eigensates, and so co-polarised photons have an overlap of 1.
After rotation into the QD frame, the linear Sr and circular Sc components of the splitting then
correspond to that of the QD. Figure 6.11a plots the calculated circular component of the X and X −
splitting against the corresponding magnitude of the X − splitting for each QD. For splitting below
approximately 4 µeV, the data is relatively noisy merely due to the error of extracting parameters for
low FSS. However, the trend is clear with higher X − splitting correlating with the circular component
of the X splitting. It also highlights that the charged line FSS is dominated by a circular component
following the y = x line near perfectly, again, as expected for a charged line in a magnetic field.
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Figure 6.11b shows the statistics of the circular component within this sample for the neutral,
positively and negatively charged X s, showing that there is a ∼ 40% probability of finding such an
anomalous splitting dot, characterised by the presence of a significant component of splitting in the
circular basis. The distribution can be described by a normal distribution with a width σ∼ 8 µeV for
all X s.
Finally, in Figure 6.11c, the fraction of the circular component is plotted against the infidelity of
the X /X X , defined as
γ= 1−〈X X (Sr ,Sc ) |X (Sr ,Sc )〉 (6.21)
where |X X (Sr ,Sc )〉 and |X (Sr ,Sc )〉 are determined from the solutions to the Hamiltonian in Equation
6.14, constituting the general eigenbasis states as a function of the circular component, which
is proportional to the strength of the field [206]. Once more, the data here agrees well with this
description. For γ→ 1, the fraction of the circular component becomes large, and the states tend
towards the cross-polarised circular basis. For γ= 0, the X and X X states have no circular component
and the states remain in the linear QD basis, as expected.
Overall, this seems to align well with the fact that a QD with anomalous splitting appears to be as
a result of potentially a local magnetic field, or some interaction which manifests as the introduction
a circular component to the splitting or splitting of the charged line. In contrast to the nuclear
magnetic reaction, however, this local magnetic field does not average to zero over the duration of a
measurement [206].
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Figure 6.11: Statistics of the anomalous fine-structure effect seen in our sample. a Splitting of the circular
component of the FSS for X +, X and X − plotted against the total splitting X − line for 90 different QDs. The red
dashed line denotes a linear function with unit gradient, showing that the splitting of the charged complexes
are dominated by the circular component of the splitting. The line also shows that the circular components all
increase roughly linearly with the increasing X − splitting, corresponding to a stronger local magnetic field. b
Statistical distribution of the circular component of the FSS for the X , X X and X −. The data is well described
by a Normal distribution with mean 0 and σ∼ 8µeV . c Infidelity of the X and XX states plotted against the
fraction of circular splitting. The dashed line corresponds to the calculated behaviour, assuming states of the
form of those resulting from a magnetic field interaction.
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As a demonstration of how the anomalous splitting is determined in the QD frame from an experimen-
tal measurement, a calculation of some example curves from determined Stokes parameters using
the general Hamiltonian in Equation 6.14 and calculating the energy using Equation 6.19 is shown
in Figure 6.6. This example serves to highlight the difference between a normal QD measurement
compared to a QD with a dominant circular component, as measured in the lab. The data for the lab
measurement of a QD with γ= 0.01 shows the expected anti-correlation, but with some elliptical
polarisation state (left panel). When looking in the QD frame, the expected linear polarisation state
is recovered, with the expected 4χ frequency. For a QD with γ = 0.43 corresponding to a circular
fraction of ∼ 50%, the lab frame displays some arbitrary polarisations for the X and the X X , with no
real visible correlations (center panel). In the QD frame, however, the recovered state demonstrates
more clearly the anomalous eigenstate behaviour, with the partial correlation and symmetry of the
state. Lastly, a QD with a dominant circular fraction and γ= 0.97 (right panel) results in a state that
is almost perfectly correlated in energy, as expected. Similarly to the case of the dominant linear
splitting, the state shows some elliptical polarisation in the lab frame. In the QD frame, however, the
circular state is recovered with the expected 2χ frequency.
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Figure 6.12: Simulated polarimeter curves rotated to the QD frame based on measured parameters. (Left)
Measurement in the lab frame (solid lines) and QD frame (dotted lines), for a QD with an infidelity of γ= 0.01,
corresponding a QD with linear eigenstates. (Center) Parameters for a QD with γ= 0.43, corresponding to an
approximately equal fraction of linear and circular components. (Right) Parameters for a QD with γ= 0.97,
corresponding a QD with highly circular eigenstates. The lab frame rotation is discussed in the main text.
6.4.3 Power Dependence Under Optical Excitation
As a final investigation into the anomalous behaviour of these QDs, a power dependence of the
splitting was measured under optical excitation with 785-nm light at T = 8 K. The data was analysed
as previously discussed and the rotation was applied in order to extract the parameters in the QD
frame. Figure 6.13a shows the result of this for the X transition. For excitation at the X saturation
power PSat, the QD displays a dominant linear splitting. Increasing the power further to approximately
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2PSat results not only in an increase of the total splitting, but also an introduction of a significant
circular component which modifies the eigenstates of the QD. Similar behaviour is observed in the
splitting of the X −, shown in Figure 6.13b, where initially there is close to no splitting, within the
error of the measurement. With an excitation power of 2PSat, a large splitting is measured with an
almost entirely circular component. Increasing the power further results in a relaxation and a return
of the splitting close to the original values. The total splitting of the X − increases by approximately
twice that of X ; however, the circular components increase by similar values. Figure 6.13c shows
the calculated infidelity, as discussed in the previous section, after rotation into the QD frame. The
infidelity, as expected, starts close to 0, before rising to 0.41 at 2PSat, coincident with the introduction
of the circular component in the splitting.
The situation is investigated further by considering whether or not there is any strong influence
of the FSS on the coherence time. As shown in Section 3.4, the FSS can be conveniently extracted
from the beating period in a MI coherence time measurement. Figure 6.13d shows the measured total
splitting obtained from the fits of the temporal coherence profile of the X and X −, on the same dot as
above. Despite the apparent offset in the extracted splitting compared to the spectral measurements,
the same trend is seen and the difference in total splitting of a factor ∼ 2 between high and low
excitation powers is also consistent. For the extracted coherence times, shown in Figure 6.13e, there
appears to be no strong effect. A small drop in both the coherence time of the X and the X − is seen
around the turn on of the anomalous splitting effect, followed by a short stabilisation before the
expected reduction for increasing excitations powers. However, given the size of the effect and the
overall trend following the expected reduction for increasing power, it is difficult to conclusively
remark on any facet apart from that the QD remains largely coherent (above 100ps) for significantly
high excitation powers. It is also noted that the fitted temporal profiles all remained Lorentzian in
shape, suggesting that the inhomogeneous broadening was not the dominant source of dephasing
here.
Lastly, the extracted states from the spectral FSS measurements for the X and the X X are dis-
played Figure 6.13f in the frame of the QD, using the same rotation as determined in the previous
section. As can be seen, the states show the same pattern as the ensemble measurements shown in
Figure 6.10 for an increasing component of circular splitting, this time as a result of the increasing
excitation power.
The features seen here for this QD under increasing excitation power agree well with the en-
semble measurements discussed in the previous section. Interestingly, the QD studied here for the
power dependence already showed a large component of circular splitting from the statistics study,
conducted at a temperature of T = 44 K under EL. This further suggests that the anomalous splitting
is a result of a persistent local effect, possibly a coupling to a nearby impurity or defect site, such that
a change in the electric field/population of nearby trapping sites results in a change in the coupling
to the QD, and hence the modification of the QD eigenstates.
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Figure 6.13: Power dependence of the anomalous fine structure effect under optical excitation. a Total
splitting S, as well as the circular Sc and linear Sr components, extracted from the FSS measurements for the
X as a function of excitation power. b Same as a but for the corresponding X −. c Infidelity of the X and XX
states. d Total splitting extracted from fits of the temporal profile. e Coherence times of the X and X − extracted
from fits to the temporal profiles. f Resulting X and X X states in the QD frame for increasing excitation power.
A similar behaviour to the ensemble measurements is seen for powers with a large component of circular
splitting. The colour of the states represent the overlap of the X and X X , where the overlap has been calculated
using the eigensates, and so co-polarised photons have an overlap of 1.
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6.5 GHz-Clocked Generation of Entangled Photon Pairs
Given that the previous results demonstrated that, in general, the QDs in this sample tend to have
non-ideal eigenstates for performing entanglement, it was decided to explore an alternative form of
measurement for the entanglement fidelity for the measurement at 1GHz. The most direct candidate,
which is basis independent, is the full measurement of the two-photon density matrix. By measuring
the full density matrix, not only can the fidelity be determined, but, additionally, it provides an
independent means of determining the QD eigenstates, as a rotation of the density matrix to the
eigenbasis can be performed. From this, the single-photon density matrices ρX X and ρX can be
determined under certain assumptions on the eigenvectors, as will be discussed in the duration of
this chapter.
It was decided to use this method primarily due to an observed change in the behaviour of the
eigenstates as a function of time throughout this project, where the phase between the X and X X
was seen to change. The result of this was that determination of the QD detection basis was nearly
impossible using the methods described in Section 6.3.2. Therefore, a more direct measurement was
required in order to compute the correct basis for the QD, as to allow for subsequent calibration of
the states for teleportation in Chapter 7, under pulsed excitation. The change in behaviour observed
when moving from CW excitation to pulsed excitation could be as a result of the peak power per
pulse being much higher than the average power under CW excitation.
6.5.1 Determination of the QD Basis Using the Density Matrix
In order to determine the single photon states |X X 〉 and |X 〉 from the two-photon density matrix ρ̂,
an assumption is made about the form of the measured density matrix ρ̂′ such that
ρ̂′ ∝ ke ρ̂e +kc ρ̂c +km ρ̂m , (6.22)
where ρ̂e , ρ̂c and ρ̂m are the density matrices for the entangled state, a classically correlated mixture
and a completely uncorrelated mixture with ke , kc and km being the respective fractions of each
component such that ke +kc +km = 1. The form of the entangled state is assumed to be the Bell state




(|H H〉〈H H |+ |V V 〉〈V V |) , (6.23)
and the mixed component is I4/4, corresponding to a complete mixture. Such an assumption is
justified, due to the fact that finite temporal resolution acts to wash out correlations in the superposi-
tion basis, adding instead a classically correlated component of |H H〉 and |V V 〉 photons, and the
presence of uncorrelated background photons add to a completely mixed fraction.
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Since any density matrix can be written as a sum over pure states |ψi 〉
ρ̂ =∑
i
pi |ψi 〉〈ψi | , (6.24)
where pi is the probability to measure state |ψi 〉, the measured density matrix can then be expressed
as a sum over Bell states as
ρ̂′ = (ke +kc /2+km/4) |Φ+〉〈Φ+|+ (kc /2+km/4) |Φ−〉〈Φ−|
+ (km/4) |Ψ+〉〈Ψ+|+ (km/4) |Ψ−〉〈Ψ−| .
(6.25)
From inspection, it is obvious that a measured state with a small contribution of classical correlations
will result in the leading eigenvaluesλΦ+ >λΦ− of the eigenvectors |Φ+〉 and |Φ−〉 after diagonalisation
of the measured density matrix ρ̂′. The leading eigenvectors can therefore be used to define the
two-photon density matrices ρ̂H H and ρ̂V V , from which it is then simple to trace out either photon
in order to determine the single photon states ρ̂X X ,H , ρ̂X ,H and ρ̂X X ,V , ρ̂X ,V .
This process is highlighted in Figure 6.14a, where a simulation of a density matrix with ke = 0.85,
kc = 0.1 and km = 0.05 is measured in a rotated frame with respect to the QD Bell state. This matrix
bears a close resemblance to the expected Bell state; however, there are non-zero elements in the
imaginary part of the matrix as a result of the rotated detection introducing a phase. The eigenvalues
from diagonalising the matrix are λ1 = 0.9125 >λ2 = 0.0625 >λ3 = 0.0125 =λ4 = 0.0125, as expected.
The above procedure is then used in order to define a change of basis matrix to express the rotated
density matrix in the QD basis. Upon application of the change of basis matrix, the density matrix
in the frame of the QD is restored, as shown in Figure 6.14b, and more closely resembles the |Φ+〉
state. The state determined is then shown in Figure 6.14c, in the frame of the measurement. With
the states determined in this way, it is then simple to calculate the required wave plate angles in
order to move from the measured basis to the QD basis. This is the crucial step in preparation for the
pulsed teleportation experiment discussed in Chapter 7, where the input laser qubit is calibrated in
the frame of the QD basis.
In order to proceed, a detection basis in the lab frame was used to perform the measurement of
the required correlations for determining each element of the density matrix. The detection basis
was calibrated using the same methods described previously. The resulting correlations were then
analysed to compute each of the necessary correlation coefficients Eαβ. The density matrix was
determined using the method described in [58, 224], based on the measurement of the correlation
coefficient in nine bases Er r , Edd , Ecc , Er d , Er c , Edc , Edr , Ecr and Ecd , under the assumption of no
polarising effects.


























































Figure 6.14: Simulated density matrix measured in a rotated frame. a Real (left) and imaginary (right) parts
of the simulated two-photon density matrix, measured in an arbitrary reference frame. Red bars denote
negative values. b Real (left) and imaginary (right) parts of the simulated two-photon density matrix after
making a change of basis into the QD frame, using calculated eigenvectors of the rotated reference frame
measurement. In this basis, the strong resemblance to the Bell |Φ+〉 state is recovered. c Recovered states of
the QD with respect to the measurement basis.
Figure 6.15a shows the real (left) and imaginary (right) parts of the resulting density matrix when
measured in this lab reference basis. There is a strong resemblance to the expected Bell state.
However, as in the simulation, there are non-zero imaginary components resulting from the rotated
detection basis. In this form, it is already suitable to determine the fidelity to a maximally entangled
state by simply calculating the leading eigenvalue. In this case, the eigenvalues are found to be λ1 =
0.873 >λ2 = 0.138 >λ3 = 0.006 >λ4 =−0.018, and thus confirm the presence of an entangled two-
photon state. The negative eigenvalue here shows that due to the measurement error, the resulting
density matrix is non-physical, since all eigenvalues of a density matrix represent probabilities and
the density matrix itself should be Hermitian and positive semi-definite. As the component is small
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here, the treatment shall proceed in this first case by ignoring this, and will be analysed later through
fitting using a maximum-likelihood estimation [225].
The above procedure is carried out and the result after rotation into the QD frame is shown in
Figure 6.16b, where the resemblance to the expected Bell state is even more apparent. In this basis,
the fidelity to the |Φ+〉 Bell state is exactly the leading eigenvalue λ1, as expected. The resulting states
with respect to the measurement basis are shown in Figure 6.15c, where, surprisingly, there is no
























































Figure 6.15: QD density matrix measured in a rotated frame. a Real (left) and imaginary (right) parts of the
QD two-photon density matrix, measured in an arbitrary reference frame. Red bars denote negative values. b
Real (left) and imaginary (right) parts of the QD two-photon density matrix after making a change of basis
into the QD frame, using calculated eigenvectors of the rotated reference frame measurement. In this basis,
the strong resemblance to the Bell |Φ+〉 state is recovered. c Recovered states of the QD with respect to the
measurement basis.
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6.5.2 Two-Photon Density Matrix for GHz-Clocked Entangled Photon Pairs
With the basis for measuring the QD determined from the previous measurement, a further measure-
ment of the density matrix was made in order to test the accuracy of this method. By calculating the
projections of the complementary bases from the previously determined states, familiar correlations
in the QD bases were recovered. The resulting density matrix expressed in the QD basis can be seen
in Figure 6.16a, where the strong resemblance to the |Φ+〉 Bell state is recovered immediately. In this
case, the eigenvalues are found to be λ1 = 0.878 > λ2 = 0.098 > λ3 = 0.033 > λ4 =−0.009 and, thus,
























































Figure 6.16: QD density matrix measured in QD basis. a The real (left) and imaginary (right) parts of the
two-photon density matrix, reconstructed using a time window of 96 ps, under pulsed optical excitation
clocked at 1.07 GHz, measured in the QD basis. Red bars denote negative values. b The real (left) and imaginary
(right) parts of the fitted two-photon density matrix, determined by a maximum-likelihood estimation based
on the measurement in a. c Recovered states of the QD with respect to the measurement basis.
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Again, the presence of a small negative eigenvalue highlights the impact of the measurement on
the density matrix. As mentioned before, using a maximum-likelihood estimation [225] based on
errors propagated from the counting statistics, allows the experimental data to be fitted to the form
of a physical density matrix. Figure 6.16b shows the result of this fitting procedure on the measured
density matrix. The differences to the measured data in Figure 6.16a are very small, with only a small
redistribution of the elements, the most noticeable being between the HP and V Q elements, which
is suggestive of a small amount of polarisation imbalance in some of the optics of the experimental
setup. This was expected due to the flaws in the assumption of no polarising terms when constructing
the density matrix from the correlation coefficients [58]. After the fitting, the determined eigenvalues
are λ1 = 0.893 > λ2 = 0.093 > λ3 = 0.014 > λ4 = 0.000, and are in satisfactory agreement with the
values determined from the raw data.
Interestingly, the infidelity of the states isγ= 0.049 between the |HV 〉 and |PQ〉 states, respectively,
as shown by Figure 6.16c and corresponds to a fraction of circular splitting of 0.22. This seems to
suggest that the previous measurement may have determined the projection of the linear state, such
as that measured under CW excitation. This is probably as a result of the assumption on the form of
the classically correlated state, as for a QD with basis states {P,Q}, the expected classical correlations
would in fact be between polarisations |PP〉 and |QQ〉.
The states determined here and the corresponding wave-plate angles used for aligning to them,
including the superposition basis projections, were saved for the pulsed teleportation experiment in
Chapter 7 where they would be crucial for setting the basis of the Bell measurement and the input
laser qubit polarisation.
Finally, after full measurement of the QD density matrix in the QD basis and fitting, the fidelity to
the Bell state |Φ+〉, as well as the fidelity to a maximally entangled state, was extracted for multiple
time windows in 96 ps bins. The result can be seen in the top panel of Figure 6.17, where again the
familiar oscillation as a function of time for the Bell state is recovered. The fidelity to a maximally
entangled state, or the leading eigenvalue, follows a similar time-dependence as the fidelity to the
time-evolving state in Equation 6.12, again highlighting the fact that the QD emits entangled photon-
pairs for all times. At τ = 0, the fidelity to the Bell state |Φ+〉 is found to be 0.88±0.01, where the
error has been determined from a Monte-Carlo approach, based on the errors propagated from the
counting statistics. Similar to before, for a gate width corresponding to one excitation period when
clocked at 1.07 GHz, a counts-weighted fidelity average of 0.81±0.004 to a maximally entangled state
is determined, with a detected entangled-pair rate of 32±0.2 pairs per second into this gate. This
improvement of the average fidelity is due to the reduction of re-excitation under the pulsed optical
excitation, and is also apparent from the increase in the decay time of the two-photon state, when
comparing to the measurement under CW excitation. The entangled-pair rate is expected to increase
significantly with further improvements to the photonic structure [189, 190].
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In addition, the measurement of the density matrix allows the concurrence of the state to be
determined, which is defined by [226]
C = max{0,λ1 −λ2 −λ3 −λ4} , (6.26)





ρ̃ = (σy ⊗σy )ρ∗ (σy ⊗σy ) is the spin-flipped complex conjugate density matrix. This metric, which
scales from 0 (separable state) to 1 (maximally entangled state), is usually used to describe the
amount of entanglement present between qubits in mixed states. Such a metric allows for evaluation
of the degree of the entanglement present in the system and comparison between fundamentally
different systems. The concurrence has been evaluated here for multiple times and the result can be
seen in the bottom panel of Figure 6.17, where the maximum is determined to be C = 0.80±0.01. The
concurrence drops to 0 approximately in line with the fidelity dropping to 0.5, indicating the state is
no longer entangled. This serves to highlight the consistency of these metrics in determining the
level of entanglement present in the emitted photon pairs.
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Figure 6.17: Time-dependent entanglement metrics for the QD density matrix. (Top) Entanglement fidelity
of the fitted density matrix to the static Bell state |Φ+〉 and to a maximally entangled state, for reconstruction
windows of 96 ps. (Bottom) Concurrence of the fitted density matrix evaluated for the same times. The fidelity
and concurrence metrics agree with the decay of the entangled state, approaching classical values around the
same time. Shaded areas denote error.
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6.6 Summary
The work in this chapter considered the entangled photon-pair generation of QDs emitting near the
telecommunications C-band, under both CW and pulsed optical excitation.
In the first section, a model for the entanglement dynamics based on a combination of the ex-
pected two-photon density matrix and the emission dynamics of the QD was considered, reproduced
from [208, 206]. Subsequent measurement of the correlation coefficient in five complementary
bases revealed a post-selected maximum entanglement fidelity of 0.90±0.01 and a counts-weighted
average fidelity of 0.72±0.01 to the expected Bell state, constituting a record-high measurement for
this type of solid-state quantum emitter. A violation of the Bell parameter was also measured in three
orthogonal planes of the Poincaré sphere.
In the following secton, an unusual feature of the FSS found in a large number these QDs was
investigated by considering an ensemble of 90 FSS measurements. The statistics gathered from this
data strongly correlated with the proposed model, which detailed the modification of the FSS and
the photon polarisation resulting from a magnetic-field type interaction, developed in [206]. The
main features seen in the data and the model were in agreement; however, a full explanation and
detail of the observed behaviour would be an interesting subject for further investigation. The optical
excitation power dependence was found to be in agreement with the proposed model, suggesting
further the attribution of the effect to be from a local origin.
Due to the anomalous behaviour of the FSS under pulsed optical excitation, a method was
introduced to recover the QD eigenstates from the measurement of the two-photon density matrix.
After determination of the QD basis using this method, the full QD density matrix was demonstrated
through measurement in this basis, and was found to bear strong resemblance to the expected Bell
state, with a maximum fidelity of 0.88±0.01. Furthermore, the concurrence of the measured density
matrix was found to be 0.80±0.01, in agreement with the high entanglement fidelity.
Future work in this area would be to operate the system under resonant two-photon excitation,
in order to increase the entanglement fidelity and single-photon purity of the emitted photons [72].
Such a scheme would also naturally enhance the coherence properties of the emitted photons,
further increasing the utility for interference based applications such as teleportation [42, 227] or
entanglement swapping [43]. Additionally, an overall enhancement of the efficiency of the system,
through engineering of the photonic structure in order to reduce the radiative lifetime and improve
the collection efficiency, would allow for a higher rate of detection events, critical for deployed
fibre applications [133, 134]. Such improvements could be made through the use of recently devel-
oped circular Bragg gratings [189, 190], where development towards telecommunications O-band
wavelengths has already been considered [228].

Chapter 7
Quantum Teleportation of Telecom
C-Band Qubits
In this chapter, the previous work of this thesis will be combined in the final experiments demon-
strating the teleportation of telecom C-band qubits. Firstly, an experiment on the teleportation of
polarisation-encoded laser photons under CW excitation will be considered, before extension of this
scheme to involve pulsed operation and the teleportation of initially time-bin encoded laser photons.
In the final part of this chapter, a proof-of-principle demonstration of the time-bin input, time-bin
output teleportation under 1GHz clocked speeds will be shown, constituting the final project goal.
7.1 Introduction
As discussed in Section 1.2.3, quantum teleportation is an important tool towards the realisation of
long-distance quantum communication. In a quantum relay scheme, such as the focus of this work,
teleportation can be used to improve the SNR of the channel and thus improve the scaling of the
transmission as a function of the channel length [26, 229], as well as enhancing the security of the
channel through the removal of an intermediate trusted node. These features are appealing in the
context of quantum cryptography and QKD, allowing key exchanges over greater distances.
Since the first demonstration of quantum teleportation [51], there has been much work in the
area; such as realising full BSM protocols [22], demonstrations over long distances in free space [230],
and using fibre [231, 229]. However, the factor that these demonstrations have in common is that they
utilise photon-pair sources using SPDC, which is inherently probabilistic and suffers from Poissonian
photon statistics, making such schemes less desirable for practical implementations.
This has prompted significant work in this area utilising QD sources [52, 101, 42], where the supe-
rior optical quality and potential to operate on-demand [72] offers a promising alternative for real-life
applications of teleportation [227] and entanglement swapping [43]. Again, these demonstrations
have in common that the operating wavelength was ∼ 900 nm, where losses in fibre are ∼ 2 dB/km,
an order of magnitude higher than in the telecom C-band (0.2 dB/km), making such sources less
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desirable for fibre-based applications. Recent work of this lab has been successful in demonstrating
quantum teleportation utilising QDs emitting in the telecom O-band [? ].
In the following work, these previous developments will be extended further to include the
operation of a quantum relay near the most technologically important wavelength window for long-
distance communication, the telecom C-band. While the operating principles of this experiment
are the same as those that have been demonstrated previously, no QD sources have thus far been
available to conduct this experiment in the technologically important wavelength region. Thus, the
combination of the previously demonstrated indistinguishability (Chapter 5) and high entanglement
fidelity (Chapter 6) are crucial for such a demonstration.
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7.2 Teleportation of Telecom C-Band Polarisation Qubits
The experiment described in this section considers the operation of the quantum light source under
CW excitation and the teleportation of a polarisation encoded telecom C-band laser qubit. As such,
the work follows directly from the TPI between a quantum light source and a weak coherent input
state, discussed in Section 5.4, and the CW entanglement measurement, discussed in Section 6.3.3.
7.2.1 Experimental Setup
The experimental implementation of the teleportation protocol is illustrated in Figure 7.1, where
the naming convention of a typical quantum communication link is adopted. The sender, Alice,
prepares a polarisation encoded qubit of the form of Equation 5.17, which is then sent onto the
relay station, Charlie. At Charlie, a polarisation entangled photon-pair is generated. The X photon
from the entangled two-photon state is interfered with the laser photon on a 99:1 coupler, similar to
the TPI interference measurement discussed in Section 5.4. Following the interfering beamsplitter,
a |Ψ+〉 = 1p
2
(|HV 〉+ |V H〉) BSM measurement is performed by resolving H and V polarisations in
the same arm of the output using a PBS with the detection basis aligned to the QD eigenbasis, in
order to herald the teleportation to Bob, where the X X photon is sent. At Bob, another PBS is used
to a perform polarisation resolved detection in basis PQ, in order to determine the output state
polarisation.
In the experiment, the QD from Section 5.4 was also used for the teleportation presented here.
The QD was excited at PSat with a CW laser at 1310 nm using a pellicle beamsplitter. As with the
entanglement measurement, a second pellicle oriented orthogonal to the first is used in the collection
arm, in order to compensate for the polarisation effects of the first. The emitted light was collected
and sent towards a free-space transmission grating, where the X and X X photons were spectrally
filtered and coupled back into fibre. At Alice, a commercial tunable C-band CW laser was used with
a DVA and EPC to generate weak coherent input photons. The laser photons from Alice and the X
photons from the QD, which were set to be equal intensity as in Section 5.4, were sent towards a fibre
99:1 beamsplitter, where on the 99% output port, an EPC (not shown) was used before the PBS. The
EPC was used to calibrate the BSM detection basis of the SNSPDs at Charlie, in addition to setting
the calibration basis for the EPC at Alice. The X X photons were sent towards a similar polarisation
detection setup with a PBS and SNSPDs. As in Section 5.4, an optical switch following the interfering
beamsplitter was used to periodically direct the laser and QD photons towards a spectrometer, where
a minimisation routine was used to spectrally overlap the laser with the X photons with an accuracy
of ∼ 2µeV. In addition to the spectral overlap, the intensity was also periodically adjusted in order to
maintain an average ratio of η/α2 = 1, to within 1%.
For the calibration, the same method described in Section 6.3.2 based on the linear projection of
the QD eigenbasis was used, as no effects of an internal magnetic field was seen from the QD during
the time of this CW measurement. This set the basis of the detectors at Charlie, thus allowing the
laser photon input states to be calibrated to the QD basis. For the measurement, the EPC at Charlie
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was then fixed to the QD HV basis, while the Alice and Bob EPCs were changed for each polarisation
input state. The detectors used in this experiment had timing resolutions of ∼ 90 ps for DV −DH and






















Figure 7.1: Quantum teleportation experimental setup. An input polarisation encoded laser qubit from
Alice is interfered with an X photon at a 99:1 beamsplitter. At Charlie, a BSM is performed using a PBS and
SNSPDs DH and DV . At Bob, a polarisation resolved correlation is used to analyse the output state in different
polarisation bases, with SNSPDs DP and DQ
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7.2.2 Characterising Teleportation
To characterise the teleportation, coincidences of photons were measured at Charlie and Bob in
order to generate third-order correlation maps, g (3)HV P (Q)(τ1,τ2), as a function of the time delays,
τ1 = τDH −τDV and τ2 = τDP (Q) −τDV , measured relative to the detection of a V polarised photon at
time τDV . A successful BSM at Charlie (τ1 = 0) heralds the teleportation which can then be correlated
with the photon detection at Bob. By considering the form of a general input state from Equation 5.17






















|HX X 〉 , (7.2)
constituting the σx transform as expected for this type of teleportation protocol [199]. Therefore,
successful teleportation will follow this unitary transform, such that: H →V , V → H , D → D , A → A,
R → L, L → R, up to the FSS phase in Equation 7.2 for the six input states distributed symmetrically
on the Poincaré sphere considered here. The teleportation fidelity is then calculated as
f TP =
g (3)HV P (τ1,τ2)
g (3)HV P (τ1,τ2)+ g (3)HV Q (τ1,τ2)
(7.3)
where g (3)P (Q)(τ1,τ2) is the third-order correlation function for Bob’s photon detected in polarisation
P(Q), and serves as a measure of the expected (unexpected) output polarisation compared to the
input.
In the experiment, photon coincidences were measured using HydraHarp time correlation
electronics running in TTTR mode, with detection of a V polarised photon forming the sync clock
and beginning the time-tagging of subsequent detection events of H and P (Q) polarised photons.
The raw data was acquired with 8 ps resolution by cycling through each input state for durations of
one hour, for a total acquisition time of approximately 170 hours. In post-processing, 2-D histograms
were constructed according to the times of triple coincidence events (τ1,τ2), and the data was
normalised to the values at times |τ1,τ2|→∞, in order to generate the third-order correlation maps
g (3)HV P (Q)(τ1,τ2).
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7.2.3 Teleporting Logical States
The first case of input states considered were those matching the QD eigenbasis, and the basis in
which the BSM was calibrated to. These states corresponding to |H〉 and |V 〉 are referred to as the log-
ical basis, and require no quantum interference, or even entanglement, in order to demonstrate tele-
portation. This is apparent from the input state being in the basis of the BSM. Therefore, when a H/V
laser photon is present, a triple coincidence can only happen for V /H polarised QD photons, as a re-
sult of the polarisation-resolved detection. Thus, only statistical mixture ρc = 12 (|HX X HX 〉+ |VX X VX 〉)
resulting in classical correlations, is required for this ‘teleportation’.
The measured correlations for laser inputs |ΨL〉 = |H〉 and |ΨL〉 = |V 〉 can be seen in Figures 7.2
and 7.3, respectively. For the case of a H-polarised input photon, the expected successful correlation
is achieved when measuring a V -polarised X X photon g (3)V HV (τ1,τ2), shown in Figure 7.2a. The
temporal ordering is reversed along τ2 in comparison to similar work [84, 101], due to the fact that
the X is used for the trigger of detection events at the BSM, not the X X as in previous work. Thus,
behaviour of interest is seen for τ2 < 0, which corresponds to detection events prior to the detection
of the X . The main feature is a bright vertical stripe at times τ2 < 0 corresponding to the increased
probability of detecting laser and X X photons, following the detection of an X photon at detector
DV . This happens uniformly for all τ1 due to the laser photons always being present at the detector
at DH . In addition, the X -laser correlation seen along τ1 reveals the familiar flat behaviour with the
dip at τ1 = 0, corresponding to the single-photon nature of the X , and is seen as a dark horizontal
strip. Along the τ1 = τ2 line corresponding to simultaneous detections of DH and DP (Q), a faint
dark stripe is seen for g (3)V HV (τ1,τ2), which is a result of a misalignment in the BSM detection basis,
away from the QD eigenbasis. Similarly to the misalignment in the HV detection basis introducing
small oscillations in the H H and HV entanglement correlations, a small oscillation can be seen
here for detections corresponding to a H-polarised X on DH , correlating with a V -polarised X X on
DP . When measuring a V -polarised photon at Bob, the unexpected correlation g
(3)
V H H (τ1,τ2) shown
in Figure 7.2b has related features. The dark horizontal line along τ1 = 0 again corresponds to the
single-photon nature of the X . Similar to before, the dark vertical stripe corresponds to detections of
the X X -X cascade for all laser detection times. This time, however, there is a weak oscillation for
τ2 < 0, due to the small misalignment of the BSM. More importantly, there is an absence of triple
coincidences for τ1 = 0 and τ< 0 as expected, indicating that no teleportation has taken place. The
fact that no interference is required for this input state is seen also by the fact that the bright stripe
in Figure 7.2a extends through the origin for time delays beyond the X coherence time. This is
confirmed by calculating the fidelity f TH (τ1,τ2), where there is a near-unity stripe along the vertical,
as shown in Figure 7.2c, for all laser detection times. The maximum fidelity f TH = 0.91± 0.09 is
limited due to the non-unity degree of correlation in the HV basis, as shown by the entanglement
results in Section 6.3.3. A further examination of the fidelity along the τ1 = 0 axis where general
teleportation can succeed is shown in Figure 7.2c, which decays towards the uncorrelated threshold
of 0.5, corresponding to the decay of the two-photon state.
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Figure 7.2: Teleportation of H polarised laser photons onto V polarised X X photons. a Third-order corre-
lation g (3)HV V (τ1,τ2). b Third-order correlation g
(3)
HV H (τ1,τ2). c Corresponding teleportation fidelity f
T
H (τ1,τ2).
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Figure 7.3: Teleportation of V polarised laser photons onto H polarised X X photons. a Third-order corre-
lation g (3)HV H (τ1,τ2). b Third-order correlation g
(3)
HV V (τ1,τ2). c Corresponding teleportation fidelity f
T
V (τ1,τ2).
d Slice at τ1 = 0 along τ2 of f TV . Data shown for a post-selection window size of ∆τ1 x ∆τ2 = 184 x 224 ps.
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Re-excitation effects lead to additional features present in the correlations. Since the detection
is triggered from the measurement of an X , the immediate re-excitation of the X X has no effect;
therefore, only re-excitation of the X leads to additional features. The first case to consider is the
emission of a correlated V -polarised X -X X pair followed by an uncorrelated H-polarised X . This
leads to an increase in the triple coincidences in g (3)V HV (τ1,τ2) for detections τ1 > 0 and τ2 < 0, such
as can be seen to a small degree in Figure 7.2a. The other case to consider is the detection of an
uncorrelated V -polarised X preceded by a correlated H-polarised pair as a result of the X being re-
excited quickly following relaxation to the ground state, leading to an increase in triple coincidences
in g (3)V H H (τ1,τ2) for τ1 < 0, τ2 < 0 and τ2 < τ1, as seen in Figure 7.2b. A weaker feature of increased
triple coincidences in g (3)V H H (τ1,τ2) for τ1 > 0, τ2 > 0 and τ2 < τ1 corresponds to this case, but for a
correlated pair following the uncorrelated detection at DV , this time relating to the full excitation to
the X X from the ground state after detection of an X .
For the V -polarised input photon, the expected successful correlation is when measuring a
H-polarised X X photon g (3)V H H (τ1,τ2), shown in Figure 7.3a, where the features are similar to the
above. The distinct difference here, however, is that now the laser photons land on DV , leading to
the detection of correlated QD H-polarised photons along τ1 = τ2. The darker vertical stripe again
corresponds to the small misalignment of the BSM detection basis. Similarly for the unexpected
correlation g (3)V HV (τ1,τ2), there is reduced triple coincidences, corresponding to the detections from
re-excitation events as discussed above. Calculating the fidelity revels the near-unity diagonal stripe
with a maximum f TV = 0.89±0.08, with the same decay seen along the τ1 = 0 axis.
7.2.4 Teleporting Superposition States
The next case of input states considered are the superposition states |D〉/|A〉 and |R〉/|L〉, correspond-
ing to four states equally distributed on the equatorial plane of the Poincaré sphere. This section
present the results for |D〉 and |L〉. This case is much more interesting, as now the output state
critically relies on both the quantum interference of the QD and laser photons, and the quantum
entanglement of the two-photon state. Figure 7.4a (b) shows the resulting three-photon coincidence
maps when measuring the expected (unexpected) output polarisations at Bob. For the input state
|D〉, the act of the σx transform is to map |D〉 → |D〉 and so, as anticipated, g (3)V HD (τ1,τ2) shows a
peak in triple coincidences for τ1 = τ2 = 0. This time, however, the small peak displays reduced triple
coincidences for |τ1|& T2 along the τ1 axis, as a result of the reduced probability for TPI to take place
due to the coherence time of the X . In addition to the limit along τ1 according to the X coherence
time (T2 ∼ 260 ps), the nature of the time-evolving two-photon state has an effect along the τ2 axis,
where the same oscillatory behaviour as in the entanglement measurement is seen. Similar features
to each case of the teleportation of logical states is also seen, due to the fact that the BSM now acts
as a 50:50 splitter for the input state with both X and laser photons able to trigger triple detection
events on DV .
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Figure 7.4: Teleportation of D polarised laser photons onto D polarised X X photons. a Third-order corre-
lation g (3)HV D (τ1,τ2). b Third-order correlation g
(3)
HV A(τ1,τ2). c Corresponding teleportation fidelity f
T
D (τ1,τ2).
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Figure 7.5: Teleportation of L polarised laser photons onto R polarised X X photons. a Third-order correla-
tion g (3)HV L(τ1,τ2). b Third-order correlation g
(3)
HV R (τ1,τ2). c Corresponding teleportation fidelity f
T
L (τ1,τ2). d
Slice at τ1 = 0 along τ2 of f TL . Data shown for a post-selection window size of ∆τ1 x ∆τ2 = 184 x 224 ps.
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The similar oscillations can be seen along the τ2 from the misalignment discussed above. For the
unexpected output g (3)V H A(τ1,τ2) when measuring A-polarised photons at Bob, the correlation shows
a similar behaviour for all times away from τ1 = τ2 = 0, where, in this instance, there is a distinct
absence of triple coincidences. This indicates that teleportation has taken place, and is shown more
clearly by calculating the fidelity f TD (τ1,τ2), which can be seen in Figure 7.4c. The single high-fidelity
peak reaching a maximum f TD = 0.83±0.04 is a clear signature of the teleportation. A cut along
the τ1 = 0 shows the situation more clearly for the evolving two-photon state, albeit with some
additional noise hiding the oscillations due to the FSS. The coherence time and the FSS directly
lead to a reduction of the fidelity for the superposition input states. The additional features seen
in f TD (τ1,τ2) are a consequence of the misalignment in the BSM as discussed. Ideally, it would be
0.5 for all times away from τ1 = τ2 = 0, revealing just a single peak. Teleportation is similar in the
circular basis, as seen in Figure 7.5 for the case of an |L〉 input state, where this time the expected
(unexpected) output state is found when measuring R (L)-polarised photons at Bob. At the origin, a
maximum f TL = 0.77±0.04 is found, similar within error to the diagonal basis.
7.2.5 Results
While in principle only three linearly independent input states are required in order to verify non-
classical teleportation, due to the fact that any state can be then made from a linear combination [232],
teleportation of the other two states on the Poincaré sphere ( f TA = 0.88 ± 0.04 and f TR = 0.80 ±
0.04) allows for a calculation of the six-state mean teleportation fidelity. This allows the general
performance of the teleporter to be determined based only on the assumption of real, positive,
linear combinations [42]. The resulting mean fidelity coincidence map f TMean(τ1,τ2) is displayed in
Figure 7.6a. The data is shown for the post-selection bin sizes corresponding to the most statistically






where σMean is the measured uncertainty in the mean teleportation fidelity. The factor of
2
3 is the
classical threshold for teleportation, and so measurement of a mean fidelity above this threshold
serves to demonstrate quantum teleportation. Therefore, Equation 7.4 describes the number of
standard deviations the measured teleportation fidelity is above the classical threshold. As can be
seen, there is a familiar pattern with more clarity this time, due to the additional SNR gained from
averaging all six results together. The point of highest fidelity is centred on τ1 = τ2 = 0, corresponding
to the three-photon coincidence where the input polarisation state is mapped to the output photon
at Bob, with a maximum mean fidelity of 83.6± 2.2% for a post-selection window size of ∆τ1 x
∆τ2 = 184 x 224 ps. This fidelity exceeds the classical threshold by 7.8 σ in this configuration, and
constitutes the first demonstration of quantum teleportation in the telecom C-band using a QD
quantum light source. Additionally, when thinking about the application of such a scheme for a real
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quantum network, demonstration of the fidelity above the classical threshold alone is not enough.
Such implementations require additional tolerances for error correction. For example, considering a
six-state QKD protocol [233], the maximum mean teleportation fidelity is 5.1 σ above the limit of
0.724 imposed for secure implementations of the secret key sharing protocol [234].
The relevant features of interest can be examined further by taking cuts along each time axis.
Figure 7.6b shows the cut along τ2 = 0, where the high-fidelity teleportation heralding TPI peak
with width set by the X coherence time is seen. A small amount of residual detuning of the laser
from the QD is present, accounting for the difference in the peak width from Figure 5.10 in the TPI
measurement presented in Section 5.4. A similar cut along the τ1 = 0 axis, as shown in Figure 7.6c,
displays oscillations in the fidelity resulting from the time-evolving nature of the two-photon state,
where the period (728± 11 ps) corresponds to a FSS S = 5.7± 0.2 µeV as expected. Finally, the
maximum teleportation fidelity for each individual input state, along with the mean, is shown in
Figure 7.6d, where each is above the classical threshold (shown by the dashed black line).
Max fMean
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Figure 7.6: Six-state mean teleportation fidelity. a Mean teleportation fidelity map f TMean(τ1,τ2). b Slice at
τ2 = 0 along τ1 of f TMean(τ1,τ2). c Slice at τ1 = 0 along τ2 of f TMean(τ1,τ2). d Individual maximum teleportation
fidelities, where each one is above the classical threshold of 23 . Data shown for a post-selection window size of
∆τ1 x ∆τ2 = 184 x 224 ps.
There are several limitations restricting the performance of the teleportation. As the source is
operated using the X saturation power in order to achieve the maximum photon count rate, this
naturally leads to an increase in the g (2)(0) HBT value of the X . This imposes a limit, as discussed
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in Section 5.4, on the achievable TPI visibility. The expected teleportation fidelity is consequently
lowered as a result of fewer photons interfering at the 99:1 coupler and therefore leads to a higher
proportion of incorrectly heralded photons measured at Bob. The g (2)(0) also poses a limit on the
entanglement fidelity, since it leads to a higher number of photon pairs uncorrelated in polarisation.
Better performance for low excitation power could be expected. However, the reduced brightness
leads to much fewer three-photon coincidences, requiring significantly longer integration times
while competing with non-zero detector counts to give a lower SNR, as well.
Post selection
As previously mentioned, temporal post-selection was used to gate the successful teleportation
events for times close to τ1 = τ2 = 0. The temporal limitation along τ1 is imposed by the interference
visibility of the laser and QD photons, which is determined on a time-scale given by the X coher-
ence time and the detector resolution. Therefore, a longer X coherence time would lead to more
efficient teleportation by enabling a larger number of teleported photons within a gate. As with the
entanglement measurement, the evolution of the quantum state due to the FSS with the detector
resolution imposes a limit on the maximum window size along τ2. By varying the window size for
the post-selection, more photons can be teleported at the cost of a reduced teleportation fidelity.
Reducing the window size can lead to even fewer teleported photons, but with a higher fidelity. The
maximum teleportation fidelity here was found to be 88.4±4.0%, for an equivalent post-selection
window size of 103 ps, 5.4 σ above the classical threshold. Additionally, as the main source of error
here is due to the photon counting statistics (all errors quoted are propagated from this), the act
of decreasing the post-selection bin size naturally increases the error, as fewer photons are taken
into consideration. Consequently, while the fidelity increases, it becomes less statistically significant.
Hence the motivation to adopt a bin size which optimises the quality of the teleportation versus the
number of teleported photons or fidelity.
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7.3 GHz-Clocked Teleportation of Telecom C-Band Time-Bin Qubits
In this final section of the thesis, a demonstration of a quantum relay run on-demand at GHz clock
rates and teleporting time-bin qubits in the telecom C-band, suitable for integration with existing
QKD systems, is made. While polarisation encoding is useful for free-space QKD implementa-
tions [159] or teleportation [230], it is less useful for fibre-based applications where polarisation drift
in fibre needs to be actively compensated for [133]. A more desirable scheme is time-bin encoding,
with which long-distance QKD systems operate, in order to increase the robustness of fibre transmis-
sion [235, 236]. Since QDs natively generate polarization-encoded single and entangled photons, a
method to overcome this incompatibility is required. Some schemes based on weak pulsed excitation
have demonstrated time-bin encoded single [237] and entangled photons [172, 238–240] directly
from QDs. In the latter schemes for entangled photon pairs, the direct time-bin encoded entan-
glement generation from QDs has an advantage, in that larger FSS values can be acceptable [172].
However, it is unable to produce true on-demand entangled pairs without the addition of a metastable
state [172, 238], in addition to the technical requirement of maintaining phase control between the
early and late photons, relying on resonant two-photon excitation [239, 240]. An alternative approach
is adopted for this measurement, based on the use of qubit transcoder units using asymmetric
Mach-Zehnder interferometers to map polarisation-encoded photons to time-bin-encoded photons.
Such a scheme can also be used to map polarisation-entangled photons to time-bin-entangled
photons [241, 242].
The schematic for the chosen implementation of a quantum relay for time-bin encoded qubits is
shown in Figure 7.7, where the input laser qubit is prepared at Alice and subsequently sent through a
qubit transcoder (T1) in order to create a time-bin encoded input state. This state is sent onwards
to the relay station Charlie, where a second phase-matched decoding interferometer is used to
map the time-bin encoded state back into polarisation encoding for interfacing with the native
polarisation-entangled QD photons. The teleportation then simply proceeds as discussed previously,
where a BSM aligned to the QD eigenbasis is used to herald the teleportation of the input state to the
X X photon. At this point, there are two possible options, which will be discussed in Section 7.3.2
and Section 7.3.3. Firstly, a polarisation resolved measurement can proceed at Bob as previously
conducted, in order to verify that the time-bin mapping was correct and resulted in the expected
outcomes. Secondly, and the case depicted in Figure 7.7, the output photon at Bob can then be sent
through a third phase-matched transcoder in order to map the polarisation to a time-bin, before
analysis of the output time-bin.
























Figure 7.7: Teleportation of time-bin encoded laser qubits. Alice prepares a GHz-clocked time-bin en-
coded qubit using an interferometric transcoding unit. At the relay node, Charlie, another phase-stabilized
transcoding unit converts the qubits back into polarization. The same teleportation protocol as previously
demonstrated can then be used. After successful teleportation at Charlie, the photons can be transcoded
back into time-bin encoding, before being sent on to a receiver, Bob. P, polarization qubit; TB, time-bin qubit;
T1–T3,transcoder units; A, time-bin qubit analysis; BSM, Bell-state measurement.
7.3.1 Qubit Transcoder Units
In order to generate the time-bin input qubits at Alice, a similar setup to that described in Section 3.3
was used to create GHz-clocked pulses (FWHM 130 ps) from a tunable telecom C-band CW laser.
Time-bin to polarisation interferometric transcoding units (TUs) were then constructed by Dr. Müller.
The inset in Figure 7.7 shows the main operating principles of the TU. Polarisation qubits are incident
on a PBS which splits the photons into H and V polarisations, aligned by a PC (not shown). In one
arm, a fibre delay of ∼ 5 ns is added in order to delay the H-polarised photons with respect to the
V -polarised photons. The photons then recombined at a subsequent PBS, where the polarisations
are split into early, e, and late, l , time-bins. In this way, the logical time-bin encoded states are created
by the mappings |V 〉→ |e〉 and |H〉→ |l〉. An example of such an early state |e〉 is shown in Figure 7.8a.
Alignment of the input polarisation with the polarisation axis of the TU results in the generation of
an |e〉 state from sending V -polarised weak coherent states. A phase can then be encoded between
the early and the late pulses through the use of a fibre-stretcher in one arm to fine-tune the delay
between the two arms, in order to create superposition-basis states. An exemplary state is shown in
Figure 7.8b, for a state corresponding to approximately equal intensities in the output time-bins.
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Figure 7.8: Time-bin encoded weak coherent states. Left Logical time-bin basis state |e〉, comprising of a
photon in the early time-bin. Right Superposition time-bin basis state ∝ (|e〉+ |l〉), with approximately equal
intensity in the early and late time-bins.
To interface these qubits with the QD polarisation states at the relay station, a second phase-
matched TU is then used to map the states back into polarisation, allowing the teleportation to
proceed as discussed previously in Section 7.2. This is done by using an EPC in order to align
the pulses into the correct arms of the interferometer, such that sending a V -polarised photon
is mapped to an early time-bin, then subsequently mapped back to a V -polarised photon. The
second TU is phase-stabilised using a feedback routine written by Dr. Müller to monitor the output
polarisation of the second interferometer and adjust the delay between the two arms in order to
keep it constant. When stabilised in this way, it is then possible to map a superposition state back
into the corresponding superposition polarisation state. In the experiment, the calibration basis is
set by the QD. As discussed in Section 6.5, when operating the QD under GHz-excitation rates, the
anomalous FSS effect disrupted the eigenstates, making the method used in Section 7.2 no longer
possible. The reference basis for this was therefore determined through the measurement of the
density matrix, as discussed in Section 6.5. The saved alignment angles of the reference laser were
then used to calibrate the detectors at Charlie to the QD basis states, from which all other calibrations
were derived from.
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7.3.2 Teleporting Time-Bin Input States
The teleportation of initially time-bin encoded input states proceeds by simply decoding the input
photons back into polarisation, then analysing the output photon in polarisation. For the time-bin
scheme to work, the QD source must naturally be operated under pulsed excitation. Therefore, the
previous work in demonstrating the GHz-clocked single and entangled emission from the QD is
used here when operating the relay under the same pulsed excitation scheme. The QD is excited
using the flexible pulsed excitation scheme, with f = 1.07 GHz, as before. Figure 7.9 shows the
resulting third-order correlation maps when sending the |ΨL〉 = |e〉, which subsequently decodes
into the |V 〉 state at the relay station. The expected correlation in Figure 7.9a, when measuring a H-
polarised photon at Bob has a few additional features when compared to the previous measurement
in Figure 7.3. Firstly, the pulsed nature of the experiment is seen by a series of peaks in the triple
coincidences along the τ1 axis, where the period corresponds to the f = 1.07 GHz repetition rate
used. Secondly, the triple coincidences are uniformly pulsed along this axis, due to the fact that here
the DH detection begins the time-tagging of subsequent events. Therefore, the QD is the trigger and
so the cascade happens for all τ1 when the laser is present. The pulsed nature is exaggerated here
due an imbalance of the laser and QD intensity, which has no effect on the measurement outcome,
since there is no requirement on the TPI in order to perform this correlation. For the same reason as
discussed in Section 7.2, the additional features relating to the re-excitation events can be seen, as
well as in Figure 7.9b. The corresponding fidelity map f TV (τ1,τ2) shown in Figure 7.9c displays similar
behaviour as before, where this time the alignment of the BSM is much improved, as evidenced by
the lack of weak oscillatory features. The improvement here is attributed to a careful optimisation
of the QD HV basis, and results in an improved teleportation fidelity of f TV = 0.98±0.02, as shown
by the cut through in Figure 7.9d, where the non-unity value is due to the non-unity correlation
coefficient, even after some optimisation of the basis.
For the more interesting superposition state teleportation, the input laser is prepared with a
phase leading to equal intensity pulses, which is then mapped to the QD |A〉 state at Charlie. The
delay between the laser pulse and QD pulse is adjusted so the two pulses overlap at the beamsplitter.
The peak intensities are set to be equal corresponding to similar conditions for the TPI as before,
verified by a separate TPI under pulsed excitation (achieving a similar visibility to that in Section 5.10).
The results for this input state are shown in Figure 7.10, where the expected (unexpected) correlations
when measuring A(D)-polarised photons at Bob show similar behaviour as measured previously. The
increase (absence) in triple coincidences at the origin signals the successful teleportation. The mean
fidelity map f TA (τ1,τ2) shown in Figure 7.10c confirms the high fidelity peak, where a maximum of
f TA = 0.75±0.03 is found. The appearance of weak oscillations in the fidelity map again indicates a
small misalignment of the BSM, highlighting the sensitivity in this alignment procedure.
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Figure 7.9: Teleportation of e states onto H polarised X X photons. a Third-order correlation g (3)HV H (τ1,τ2).
b Third-order correlation g (3)HV V (τ1,τ2). c Corresponding teleportation fidelity f
T
V (τ1,τ2). d Slice at τ1 = 0 along
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Figure 7.10: Teleportation of superposition time-bin state onto A polarised X X photons. a Third-order cor-
relation g (3)HV A(τ1,τ2). b Third-order correlation g
(3)
HV A(τ1,τ2). c Corresponding teleportation fidelity f
T
A (τ1,τ2).
d Slice at τ1 = 0 along τ2 of f TA . Data shown for a post-selection window size of ∆τ1 x ∆τ2 = 224 x 234 ps.
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Repeating this measurement for a third orthogonal input state, mapped to the QD |L〉 state, is required
in order to verify that the mean fidelity violates the classical threshold for general teleportation [232],
since any state can be made from a linear combination of these three states. The resulting individual
mean fidelities are shown in Figure 7.11, where a maximum of f TL = 0.73±0.03 leads to a mean
fidelity of f TMean = 0.82±0.01, beating the classical threshold by 10.4 σ. Again, the bin size here (∆τ1 x
∆τ2 = 224 x 234 ps) is defined to give the most statistically meaningful teleportation. The fidelity for
the superposition states is lower than those measured under CW excitation. This is, in part, due to
the difficulty in alignment for the superposition state detection, relating to the anomalous splitting of
the QD used here. There is also a contribution from the stabilisation of the qubit transcoders, where
fluctuations in phase lead to fluctuations in the output qubit polarisation. This leads to a higher
number of incorrectly heralded detections, thus reducing the fidelity. In each case, the individual
fidelities are similar to the values obtained in the CW measurement, and are above the classical
threshold verifying the quantum nature of the teleportation.
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Figure 7.11: Teleportation fidelities for a complete set of input states. The results for the most statistically
significant post-selection window size of ∆τ1 x ∆τ2 = 224 x 232 ps are shown. Each state surpasses the classical
threshold, with a mean fidelity of 0.82±0.01.
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7.3.3 Measuring Time-Bin Output States
In the final step of this experiment, the teleported output photon can then be converted back into
time-bin encoding, before sending it onwards to measurement at Bob. The proof-of-principle
operation of this is verified here for the logical states by sending the X X photons back through the
decoding qubit transcoder, which automatically guarantees phase stabilisation of the X X output
photon to the time-bin input photon. This is achieved through the use of circulators placed on
either side of the decoding transcoder unit. For the laser input qubits |V 〉→ |e〉 and |H〉→ |l〉, the
polarisation to time-bin conversion means that there will be a mapping of |e〉→ |l〉 and |l〉→ |e〉 at
Bob.
In order to determine the success of the operation, three-order correlations g (3)HV EL(τ1,τ2) are
measured by correlating the successful BSM with the arrival time of the photons at Bob. The results
of this can be seen in Figure 7.12a for the |e〉 input state (left) and |l〉 input state (right). Considering
first the case of the |e〉 input qubit, there are several familiar features. The first thing to note is that
as the Bob measurement correlates arrival times, the features for both H- and V -polarised photons
are present, offset along the τ1 axis by ∼ 5 ns, according to the transcoder unit delay. There is a peak
of coincidences at the τ1 = τ2 = 0 and an absence at τ2 = 5 ns along the τ1 = 0 axis, which confirms
that Bob’s photon went through the long arm of the conversion interferometer. Here, the relative
time axis is set to measure the arrival of the late pulse at τ2 = 0. The notable feature of this plot is the
absence of coincidences along the τ1 = τ2 axis, demonstrating the lack of simultaneous detections of
the laser/X and X X photons. The faint diagonal line along τ1 = τ2 +5 corresponds to the detections
of early V -polarised photons, similar to the measurement g (3)HV V (τ1,τ2) of V -polarised photons in
Figure 7.9b. Considering the case of the |l〉 input qubit, the opposite behaviour is seen when looking
at the right panel of Figure 7.12a. The expected outcome is an early one, and is seen by the peak in
triple coincidences at τ2 = −5 ns along τ1 = 0, which corresponds to a successful mapping of the
late to early time bins. This time, the pulsed pattern appears along the τ1 = τ2 +5, due to the laser
photons now being on DH at the BSM.
The situation is again highlighted by looking at a cut along the τ1 axis, as shown by Figure 7.12b,
where the arrival times of the early and late photons are seen by the X X -X cascades separated by the
delay of the interferometer. The fidelity is calculated according to
f Te/l =
g (3)HV EL(τ1 = 0,τl/e )
g (3)HV EL(τ1 = 0,τe )+ g (3)HV EL(τ1 = 0,τl )
, (7.5)
where τe/l corresponds to the expected time bin of the early/late pulse, determined by the interfer-
ometer delay. The peak and absence of photons in the correct time bins results in a post-selected
teleportation fidelity of f Te = f Tl = 0.89±0.04 for both logical time-bin encoded input states. This
fidelity is somewhat comparable to that reached without the time-bin conversion of Bob’s photon,
which confirms the accuracy of the conversion process. The limitations and reduction of the fidelity
may correspond to the exact alignment of the logical basis BSM, as discussed previously. However, it
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could also be the result of the increased noise when sending the Bob photons through the transcoder.
The parasitic loss of this process resulted in a transmission of ∼ 56% for the X X photons. This also
limits the measurement of teleportation of a superposition state in time-bin encoding, since after the
conversion, the output photons would need converting back into polarisation using another pass
of the interferometer in order to determine if the phase was correctly mapped [242]. Such losses
















Figure 7.12: Time-bin logical-basis teleportation. a Third-order correlations g (3)HV EL(τ1,τ2) for sending input
laser qubits |e〉 (left) and |l〉 (right), which are mapped to |l〉 and |e〉 output states, respectively, after sending
X X photons back through the decoding interferometer. b Cut along τ1 = 0 showing the mapping of the |e〉
input state to the |l〉 output state, corresponding to the polarisation mapping of |V 〉 to |H〉.
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7.4 Summary
In this chapter, the work of the thesis in demonstrating quantum interference and entanglement
was combined in order to demonstrate a proof-of-principle quantum relay using a QD quantum
light source emitting in the telecom C-band. Under CW excitation and polarisation encoding, high
post-selected fidelities were achieved when considering a complete set of six input states, overcoming
even the threshold for secure implementations of secret key sharing protocols. This scheme was
extended further to the pulsed excitation regime at a repetition rate of 1 GHz, where the teleportation
of initially time-bin encoded qubits was demonstrated to again overcome the classical and fault-
tolerant thresholds. A final demonstration showed the possibility for extending this scheme by





The work in this thesis has described the experimental efforts towards the development of a semicon-
ductor QD quantum light source operating near the minimum absorption wavelength window of
optical fibre, centred on the telecom C-band (1530 – 1565 nm). Such a source is an ideal candidate
for transmission over the standard telecommunication optical fibre network infrastructure for quan-
tum information applications. The ultimate aim was to demonstrate proof-of-principle quantum
teleportation of telecom C-band laser qubits, enabling such a platform to form an interface with
current QKD systems in the future.
8.1 Summary
The thesis began by performing a characterisation of the source, DE grown InAs/InP QDs embedded
in a p-i -n diode structure with a weak planer cavity, by looking at the spectral and time-resolved
emission under non-resonant optical excitation. Spectral analysis revealed that the QDs tended to
form with remarkably consistent energetic structure, displaying a rigid pattern of exciton charge
configurations. Polarisation analysis was used to identify the neutral exciton transitions, which would
form the basis of all subsequent measurements. Time-resolved analysis further showed that the
main transitions displayed highly non-classical photon statistics under both non-resonant CW and
1-GHz pulsed excitation, with strong evidence of multilevel dynamics as a result of the excitation
scheme used. Such demonstration of non-classical emission could, in theory, form the basis of a true
single-photon telecom C-band source for QKD over fibre. In order to characterise the suitability of
this source for quantum interference-based applications, a subsequent analysis of the coherence in
the emission was then performed using a standard telecom fibre MI. This characterisation revealed
unprecedented coherence times for the DE QDs, comparable to state of the art GaAs-based systems
under comparable excitation conditions. A strong limit was found on the coherence for elevated
temperatures where non-resonant electrical excitation would be possible.
Using the demonstration of highly-coherent emission, the HOM-type interference of unpolarised
single photons from the neural X was then considered. It was shown that for high and low power
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regimes, high post-selected visibilities were achieved despite the non-resonant excitation, showing
the potential of this platform as a source of indistinguishable photons. Using the high interference
visibility, the first key element of the teleportation protocol for the teleportation of laser qubits, the
interference with a weak coherent state, was performed. Again, it was found that the high post-
selected visibility was mainly limited by background contributions in both experimental conditions
considered.
Following this, the entanglement properties, forming the second key element of a teleporta-
tion protocol, were considered under both CW and pulsed optical excitation. Measurement of the
correlation coefficient in five complementary bases under CW excitation revealed a post-selected
maximum entanglement fidelity of 0.90±0.01 and a counts-weighted average fidelity of 0.72±0.01 to
the expected Bell state, constituting a record-high measurement for this type of solid-state quantum
emitter. A violation of the Bell parameter was also measured in three orthogonal planes of the
Poincaré sphere. When looking towards pulsed excitation, an unusual feature of the FSS found in
a large number these QDs was revealed and further investigated by considering an ensemble of 90
FSS measurements. The statistics gathered from this data strongly correlated with the proposed
model, which detailed the modification of the FSS and the photon polarisation resulting from a
magnetic-field type interaction, developed in [206]. A method to recover the QD eigenstates from the
measurement of the two-photon density matrix was then considered, which after determination of
the QD basis using this method, resulted in a reconstruction of the full QD density matrix. This was
found to bear strong resemblance to the expected Bell state, with a maximum fidelity of 0.88±0.01
and a concurrence of 0.80±0.01.
Combining the work of this thesis, a proof-of-principle quantum relay using a QD quantum light
source emitting in the telecom C-band was then demonstrated. With CW excitation and polarisation
encoding, high post-selected fidelities were achieved when considering a complete set of six input
states, overcoming even the threshold for secure implementations of secret key sharing protocols.
The scheme was then extended further, using the previously determined measurement basis, to a
1 GHz pulsed excitation regime, where the teleportation of initially time-bin encoded qubits was
demonstrated. The last part of this thesis then considered how, in the future, a further extension
could be made by considering the possibility of full teleportation of time-bin qubits. Such a scheme,
while unattainable during the work of this thesis, would allow for a direct interface between the
quantum relay and existing QKD infrastructure, allowing for the enhancement in the security of a
quantum link, and the possibility to extend the distance.
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8.2 Future Work
Development of the sample structure to enable lower operating temperature under electrical excita-
tion in order to access the longer coherence times could be one potential avenue for future work,
towards the development of remote systems where experimental complexity is undesirable. This
avenue could also consider the use of recently demonstrated ‘on-chip’ pumping schemes [134, 174],
where carriers excited into the quantum well surrounding the QD recombine to quasi-resonantly
excite QDs in a nearby mesa. Such structures have enabled fully electrically tunable and electrically-
driven emission of a QD source in the telecom O-band [134].
Work towards resonant excitation schemes would also be an interesting area for future work.
In this regime, not only is the single-photon purity greatly enhanced, but the pure dephasing is
also reduced significantly such that transform-limited emission is possible [166, 175]. This would
enable highly indistinguishable and pure telecom C-band single photons, a suitable candidate for
integration with silicon-integrated photonics [176, 177]. Utilising resonant excitation schemes in
order to remove dephasing associated with carrier relaxation processes [165, 166, 171, 200] would be
the natural first step here. In terms of experiments involving laser photon interference, reduction of
the pure dephasing and emitter lifetime would naturally reduce the time-gate restriction, allowing
wider gates to be used and more efficient use of the QD photons.
When considering the entanglement-based applications, future work in this area would be to
operate the system under resonant two-photon excitation. Similar benefits to operation under
resonant excitation could be achieved, with an additional increase of the entanglement fidelity of
the emitted photons [72]. Such a scheme would further increase the utility for entanglement and
interference-based applications, such as teleportation [42, 227] or entanglement swapping [43, 44]. In
all cases, engineering of the photonic structure by incorporation into a cavity, such as those recently
demonstrated [189, 190, 201], would improve the overall source brightness, indistinguishability
and efficiency. Such improvements would be universally beneficial for all quantum information
applications using this type of source. Such a cavity would enhance the coupling of the QD to the
cavity, leading to a reduction of the radiative lifetime. This would not only support the development
of Fourier-limited emission, but would additionally support the on-demand operation and efficiency
of the source, allowing all photon events to be considered; removing the need for post-selection. The
increased brightness from the higher obtainable collection efficiency would drastically improve the
operation of all interference-based measurements, as well as three and four-photon measurements
such as teleportation and entanglement swapping, due to the way that the rate of detection events
scales with emission intensity. This would also be critical when looking towards deployed fibre
applications [133, 134], where fibre losses over distance and interconnects becomes a limiting factor
for even entanglement-based applications. Work towards such improvements using circular Bragg
gratings optimised for telecommunications wavelengths has already been demonstrated [228], and
has the potential to push this technology towards truly useful quantum information applications.

References
[1] Rivest, R. L., Shamir, A. & Adleman, L. A method for obtaining digital signatures and public-key
cryptosystems. Commun. ACM 21, 120–126 (1978).
[2] Dolev, D. & Yao, A. On the security of public key protocols. IEEE Trans. Inf. theory 29, 198–208
(1983).
[3] Fox, M. Quantum optics: an introduction, vol. 15 (OUP Oxford, 2006).
[4] Feynman, R. P. Simulating physics with computers. Int. J. Theor. Phys. 21, 467–488 (1982).
[5] Shor, P. W. Algorithms for quantum computation: Discrete logarithms and factoring. In Found.
Comput. Sci. 1994 Proceedings., 35th Annu. Symp., 124–134 (IEEE, 1994).
[6] Shor, P. W. Polynomial-time algorithms for prime factorization and discrete logarithms on a
quantum computer. SIAM Rev. 41, 303–332 (1999).
[7] Grover, L. K. A fast quantum mechanical algorithm for database search. In Proc. twenty-eighth
Annu. ACM Symp. Theory Comput., 212–219 (ACM, 1996).
[8] Deutsch, D. & Jozsa, R. Rapid solution of problems by quantum computation. In Proc. R. Soc.
London A Math. Phys. Eng. Sci., vol. 439, 553–558 (The Royal Society, 1992).
[9] Gisin, N., Ribordy, G., Tittel, W. & Zbinden, H. Quantum cryptography. Rev. Mod. Phys. 74, 145
(2002).
[10] Kimble, H. J. The quantum internet. Nature 453, 1023–1030 (2008).
[11] Wootters, W. K. & Zurek, W. H. A single quantum cannot be cloned. Nature 299, 802 EP – (1982).
[12] Arute, F. et al. Quantum supremacy using a programmable superconducting processor. Nature
574, 505–510 (2019).
[13] Google AI Quantum. Hartree-Fock on a superconducting qubit quantum computer. Science.
369, 1084–1089 (2020).
[14] Bell, J. S. On the Einstein Podolsky Rosen paradox. Phys. Phys. Fiz. 1, 195–200 (1964).
[15] Einstein, A., Podolsky, B. & Rosen, N. Can quantum-mechanical description of physical reality
be considered complete? Phys. Rev. 47, 777–780 (1935).
[16] Clauser, J. F., Horne, M. A., Shimony, A. & Holt, R. A. Proposed experiment to test local hidden-
variable theories. Phys. Rev. Lett. 23, 880–884 (1969).
[17] Aspect, A., Dalibard, J. & Roger, G. Experimental test of Bell’s inequalities using time- varying
analyzers. Phys. Rev. Lett. 49, 1804–1807 (1982).
142 References
[18] Weihs, G., Jennewein, T., Simon, C., Weinfurter, H. & Zeilinger, A. Violation of bell’s inequality
under strict einstein locality conditions. Phys. Rev. Lett. 81, 5039–5043 (1998).
[19] Young, R. J. et al. Bell-inequality violation with a triggered photon-pair source. Phys. Rev. Lett.
102, 030406 (2009).
[20] Giustina, M. et al. Significant-Loophole-Free Test of Bell’s Theorem with Entangled Photons.
Phys. Rev. Lett. 115, 250401 (2015).
[21] Abellán, C. et al. Challenging local realism with human choices. Nature 557, 212–216 (2018).
[22] Kim, Y.-H., Kulik, S. P. & Shih, Y. Quantum Teleportation of a Polarization State with a Complete
Bell State Measurement. Phys. Rev. Lett. 86, 1370–1373 (2001).
[23] Bennett, C. H. & Brassard, G. Quantum Cryptography: Public Key Distribution and Coin
Tossing. In Proc. IEEE Int. Conf. Comput. Syst. Signal Process., 175–179 (IEEE Press, New York,
1984).
[24] Lütkenhaus, N. Security against individual attacks for realistic quantum key distribution. Phys.
Rev. A 61, 52304 (2000).
[25] Sangouard, N. & Zbinden, H. What are single photons good for? J. Mod. Opt. 59, 1458–1464
(2012).
[26] Jacobs, B. C., Pittman, T. B. & Franson, J. D. Quantum relays and noise suppression using linear
optics. Phys. Rev. A 66, 6 (2002).
[27] Briegel, H. J., Dür, W., Cirac, J. I. & Zoller, P. Quantum repeaters: The role of imperfect local
operations in quantum communication. Phys. Rev. Lett. 81, 5932–5935 (1998).
[28] Sangouard, N., Simon, C., De Riedmatten, H. & Gisin, N. Quantum repeaters based on atomic
ensembles and linear optics. Rev. Mod. Phys. 83, 33 (2011).
[29] Monroe, C. Quantum information processing with atoms and photons. Nature 416, 238–246
(2002).
[30] Lounis, B. & Moerner, W. E. Single photons on demand from a single molecule at room
temperature. Nature 407, 491–493 (2000).
[31] Jelezko, F. & Wrachtrup, J. Single defect centres in diamond: A review. Phys. status solidi 203,
3207–3225 (2006).
[32] Shields, A. J. Semiconductor quantum light sources. Nat. Photonics 1, 215–223 (2007).
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